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IMPACT: Imaging and Molecular Markers for Patients with Lung Cancer: Approaches with 
Molecular Targets, Complementary, Innovative and Therapeutic Modalities 


INTRODUCTION 

Lung cancer is the m ost prevalent cancer worldwide and t he leading cause of cancer-related 
mortality i n both men and women i n the U nited States. Conventional multimodality therapies 
(surgery, radiation and chemotherapy) have reached a therapeutic ceiling in improving the five- 
year overall survival rate of non-small cell lung cancer (NSCLC) patients, clinically in large part 
due to chemo- and radiation-resistant locoregional and metastatic spread but ultimately due to 
poor understanding of the disease and its resistance to the therapy. 

Lung cancer is a heterogeneous disease, resulting from accumulated genetic abnormalities over 
years, which thus requires a coordinated attack in a truly integrated fashion on multiple altered 
signal path ways. Emerging tar geted ther apy ai ms to tar get k ey m olecular ab normalities i n 
cancer and has succeeded i n some turn or ty pes s uch as chronic myeloid I eukemia ( CML) 
(Drukeret al., 2004; D rukerandS awyers et al ., 2001; D rukerandTal paz et al .,2001), 
gastrointestinal stromal tumor (Demetri et al., 2002), colon cancer (Hurwitz et al., 2003), and 
breast cancer (Howell et al., 2005). Thus, the incorporation of targeted therapy into conventional 
treatments appears to be a new promising approach to treatment of lung cancer. 

The program project IM PACT has proposed to i ntegrate targeted therapy i n the I ung cancer 
research program when initial clinical results showed disappointing response rates and survival 
benefit of epidermal growth factor receptor (EGFR) inhibitor gefitinib (Iressa™) for non-selected 
lung cancer patients (Herbst et al., 2002, 2003, 2004; Herbst, 2004; Kris et al., 2003; Giaccone 
et al ., 2004 ). It ai ms to v alidate molecular m echanisms of tar geted agents al one and i n 
combination w ith chemo- and/or radiation therapies i n preclinical and clinical settings. It al so 
aims to dev elop effec tive m olecular i maging and c ancer c ell-targeted p eptide-based del ivery 
tools to help improve efficacy of the targeted agents. Specifically, our objectives are: 

• To validate preclinically and clinically several key signaling pathways and their agents for 
therapeutic potentials a lone or i n combination w ith eac h other or w ith c hemo and /or 
radiotherapy 

• To explore applications of m olecular imaging for targeted therapy and identify cancer cell- 
targeted peptides for systemic delivery of therapeutic and imaging agents 

• To discover and ev aluate new molecular abnormalities and therapeutic predictors in lung 
cancer 

• To dev elop an educ ational pr ogram for teens and y oung adul ts for s moking r isk an d 
resultant lung cancer occurrence. 

IMPACT is composed of 6 research projects, 1 Biostatistics Core, 1 Molecular Pathology Core, 
1 Molecular Imaging Core, 2 career development projects, and 2 developmental research 
projects. Here we present their scientific progresses in the fourth grant year as follows. 
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Project 1: Targeting epidermal growth factor receptor signaling to enhance response of 
lung cancer to therapeutic radiation. 

(PI and co-PI: Raymond E. Meyn, Ph.D., Ritsuko Komaki, M.D.) 

In spite of significant technical advances including intensity-modulated radiation therapy (IMRT) 
and c hemoradiation, I ocally adv anced I ung c ancer c ontinues to hav e a di smal pr ognosis as 
many patients’ tumors appear to be resistant to radiation therapy. The molecular basis for 
radiation resistance is not fully understood, but tumor cells have an enhanced survival response 
that involves increased capacity for DNA repair and suppressed apoptosis. Both apoptosis 
propensity and DNA repair capacity are thought to be partly controlled by the upstream signal 
transduction pathways triggered by EGFR activation, which is constitutively activated in many 
NSCLCs, and its activation leads to a radiation-resistant phenotype. We hy pothesize that t he 
response of N SCLC to r adiation c an be i mproved thr ough the us e of i nhibitors of E GFR 
signaling. 

Aim 1 To test the combination of external beam radiation and the selective EGFR- 
tyrosine kinase inhibitor erlotinib (Tarceva) in locally advanced NSCLC. 

Summary of Research Findings 

This tr ial uses chemoradiotherapy fol lowed b y a molecularly targeted tr eatment ( erlotinib, 
targeting the EGFR tyrosine kinase) with/without radiotherapy for stage III N SCLC to i mprove 
the ther apeutic r atio (i.e., i ncrease m alignant c ell c ytotoxicity w ithout i ncreasing normal c ell 
cytotoxicity). The primary objective is to determine the efficacy of concurrent chemoradiotherapy 
followed by erlotinib/radiation and erlotinib alone, which will be repeated for 7 weeks, then two 
cycles of c onsolidation c hemotherapy as measured by progression-free s urvival. Secondary 
objectives include determining: 1) safety, as measured by the r ate of grade 3 or worse non- 
hematological tox icity (dose-limiting t oxicity, DLT) oc curring pr ior to the begi nning of 
consolidation therapy (including all toxicities attributed to chemoradiation occurring within 90 
days of the start of radiation therapy); 2) compliance, which is defined to be completion of 
concurrent chemoradiation and erlotinib/radiotherapy with no m ore t han m inor v ariations; 3) 
response rate (complete and partial response rates); 4) overall survival rates (one- and two-year 
rates, median survival); 5) disease (local) control rate; 6) association between EFGR expression 
and tox icity, r esponse, overall survival, and pr ogression (exploratory analysis); and 7) 
association between EGFR expression and response correlated with imaging study. A total of 
48 patients will be treated with concurrent chemoradiation [RT: 63 Gy/35 fractions/7weeks (+/- 5 
days), 1.8 Gy/ fr action, a total dos e of 63.0 G y i n 35 fr actions ov er 7 weeks pi us paclitaxel, 
45mg/m 2 , and carboplatin, AUC=2, weekly on day 1 for 7 weeks] and erlotinib (erlotinib, 150 mg 
p.o. daily for 7 weeks, starting with radiotherapy on day 2-5 followed by erlotinib 150 mg p.o. 
alone on d ay 6 -7 for 7w eeks). P atients w ill get on e month off tr eatment, fol lowed by 
consolidation therapy of c hemotherapy alone (weeks 11 -17: paclitaxel, 200 mg/m 2 , and 
carboplatin, AUC=6, every 3 weeks for two cycles). 

Currently, a total of 38 patients were enrolled on this protocol between November 2007 and 
February, 2010, with an average accrual rate of 1.5 patients/month. The accrual rate for the first 
several months after activation was lower than predicted, but has increased to 2 patients/month 
since August 2008. We anti cipate completion of the study within the next 8 months during the 
requested no-cost extension of our grant. 
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Patient Status 

As of February 2010, two patients were discontinued from the protocol treatment: one patient 
due to disease progression during the treatment, the other patient discontinuation was due to 
acute Ml. 

Patients screened: 55 

Screening failures: 17 

Patients enrolled to the protocol: 38 

Patients completed treatment according to the protocol: 30 

Patients still on concurrent chemoradiation: 2 

Patients still on consolidation chemo: 4 

Patients who could not complete Tarceva regimen according to the protocol: 2 
Patients who missed one or two consolidation chemo: 7 

Local recurrence (within the Radiation field): 3 
Regional recurrence (Outside Radiation field): 1 

Distant metastasis: 7 (3 liver mets, 1 brain mets, 1 right lower lobe mets, 1 T2 bone mets, 1 
opposite side of the neck mets) 

Possible L2 metastasis (Not biopsied): 1 

Five patients died during follow-up in the clinical trial: #1 one had heart attack; #2 had m ajor 
organ failure; #3 had neutropenic fever and pneumonia; #4 had abdom inal carcinimatosis from 
non small cell lung cancer; #5 had pulmonary embolism, radiation pneumonitis, fungal infection, 
and respiratory failure. Three of these patients also had liver metastasis. 

Response 

Thirty pati ents hav e c ompleted the tr eatment r egimen per pr otocol ( Figure 1). R esponse by 
RECIST criteria for the patients accrued to date is under analysis, and will be reported upon 
completion of the trial. It should be noted that per RECIST, tumor response is measured by CT; 
however, chemoradiotherapy causes fibrotic changes in the lung, which makes accurate 
measurement of the residual tumor impossible. Therefore, metabolic response by PET may be 
more accurate after chemoradiotherapy. 

As an ex ploratory anal ysis, t wenty-eight of 30 pati ents were evaluated for a P ET SUV 
measurable response to the treatment; fourteen patients (47%) had a complete response (CR); 
thirteen patients (43%) achieved partial response (PR) and one patient achieved stable disease 
(SD). The total tumor response rate was 90% (27/30) by PET. Two patients did not have post- 
chemoradiotherapy PET report due to their death before the scheduled follow-up PET exam. 
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Tumor response by PET for 30 pts 


Treatment outcome for 30 pts 


(The last follow-up date: 1/31/2010) 



Cause of death 


Liver DM 
2 pts 


Other 
3 pts 


Figure 1: Patient response to treatment regimen. 


Toxicity 

Toxicity data is available for 38 patients who have either completed therapy or are presently 
receiving treatment (Figure 2). Severe acute toxicities (Grade 3 or higher according to CTC.3) 
related to treatments were recorded as the following events: 


• Rash, Grade 3 in 4 patients 

• Acne, Grade 2 in 12 patients 

• Acne, Grade 3 in 2 patients 

• Diarrhea, Grade 2 in 4 patients 

• Diarrhea, Grade 3 in 2 patient 

• Pneumonitis, Grade 3 in 2 patients; pneumonitis Grade 5 in 1 patient 

• Leukopenia, Grade 3 in 12 patients, Grade 4 in 1 patient 

• Neutropenia Grade 3 in 5 patient, Grade 4 in 2 patients 

• Thrombocytopenia, Grade 3 in 1 patient 

• Hypomagnesemia, Grade 3 in 1 patient 

• Hypokalemia, Grade 3 in 2 patient 

• Pneumonia, Grade 3 in 7 patients 

• Dehydration, Grade 3 in 3 patients. 


Protocol 2005 -1023 appear s to hav ea toxicity pr ofile that i sc omparable to other 
chemoradiotherapy r egimens r eported i n thi s patient pop ulation. P reliminary r esponse data 
seems fav orable, al though i t i s to o ear ly i n the s tudy to be c ertain of w hether thi s r esult i s 
significant. Continuation of the study is warranted. 

Correlation of bi omarkers fr om the pati ent bi opsy and bl ood s pecimens w ith r esponse i s 
underway. We will determine if there are any correlations between biomarkers and response as 
well as with toxicity when 48 pati ents complete treatment. The r esults will be s ubmitted to a 
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major international scientific meeting such as AACR or others. If the rate of accrual of 2 
patients/month continues, we will complete this trial by the end of this year. 

Summary: 

1. ID 2005-1023 has shown 90% response (CR 47% and PR43%). 

2. The rate of 7.9% (3/38) Grade 3-5 pneumonitis is acceptable. 

3. One treatment-related grade 5 toxicity (pneumonitis) has occurred to date. 

Analysis of IHC and plasma will be done after completion of this study late this year. 

Aim 2 To test the hypothesis that activation of the EGFR pathway leads to radiation 
resistance in NSCLC cells due to an enhanced capacity for repairing DNA 
lesions. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 3 To test the hypothesis that clinically useful inhibitors of EGFR signaling 
abrogate DNA repair capacity, restore apoptotic response and radiosensitize 
NSCLC cells. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 4 To test the hypothesis that targeting both EGFR and its downstream signaling 
pathways will have at least an additive radiosensitizing effect on NSCLC. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 5 To test whether the strategies developed in Specific Aims 2-4 have efficacy in 
a xenograft tumor model. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Key Research Accomplishments 

■ Enrolled 38 patients onto the erlotinib (Tarceva) plus radiotherapy for locally advanced 
NSCLC trial, and completed evaluation of 30 of these patients with excellent response 
and minimal toxicity. 

■ Discovered the r elationship bet ween the epithelial-to-mesenchymal tr ansition and 
radiosensitivity of NSCLC cells (preclinical data). 

■ Demonstrated that pr etreatment with gefitinib exerts a r adioprotection of H 1299-CDH1 
cells. 

■ Demonstrated that s mall m olecule i nhibitors of both c -Met and IG F-1R pr oduce a 
significant radiosensitizing effect on NSCLC cells. 

■ Completed an assessment of the c ombination of er lotinib (Tarceva) and radiation in a 
NSCLC xenograft tumor model. 
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Conclusions 

We conclude that the epithelial-to-mesenchymal transition (EMT) pi ays a s ignificant r ole i n 
governing not j ustthe intrinsic r adiosensitivity of N SCLC c ells, but also thei r s ensitivity to 
inhibitors of the epi dermal growth factor receptor (EGFR) and the abi lity of s uch i nhibitors to 
radiosensitize these cells. It would be useful to assess the EMT status of patients treated with 
these combinations. In spite of this finding, results suggest that such combinations might be 
useful in the clinic. In addition, we conclude that targeting other growth factor receptors such as 
the c-Met and IG-F1R receptors may be an alternative strategy to using EGFR inhibitors. 


Project 2: Molecular Imaging of EGFR Expression and Activity in Targeting Therapy 

of Lung Cancer 

(PI and co-PI: Juri Gelovani, M.D., Ph.D.; Roy Herbst, M.D., Ph.D.) 

Aim 1 To synthesize novel pharmacokinetically optimized 124 l and 18 F-labeled IPQA 
derivatives for PET imaging of EGFR kinase activity and conduct in vitro 
radiotracer accumulation studies in tumor cells expressing different levels of 
EGFR activity. 

This aim was completed and summarized in the previous reports. 

Aim 2 To assess the biodistribution (PK/PD) and tumor targeting by novel 124 l and 18 F- 
labeled EGFR kinase-specific IPQA derivatives using PET imaging in 
orthotopic mouse models of lung cancer and compare in vivo radiotracer 
uptake/retention with phospho-EGFR levels in situ. 

Summary of Research Findings 

Differential sensitivity of NSCLC cell lines to EGFR kinase inhibition. 

In vitro cell growth of different NSCLC cell lines was differentially inhibited by gefitinib (Iressa™) 
in a dose-dependent manner (Figure 2A). The most gefitinib-sensitive cell lines were the H3255 
cells expressing L858R mutant EGFR, whereas the HI975 cells expressing both the L858R and 
T790M EGFR mutations were significantly more resistant. The H441 and PC14 cells expressing 
wild-type EGFR exhibited significant resistance to gefitinib. 

Differential expression of EGFR in NSCLC cell lines. 

The level of total EGFR expression under serum-starved conditions as measured by ELISA was 
similar in H3255 and H441 cells and significantly higher than levels in PC 14 and H1975 cells 
(Figure 2B). 

Preferential accumulation of 1S F PEG6-1PQA in NSCLC cells with L858R EGFR mutation. 

All four cell lines demonstrated a rapid uptake of 18 F-PEG6-IPQA (Figure 2C) during the i nitial 
phase (first 20 m in). T hereafter, the accumulation of 18 F-PEG6-IPQA r eached a pi ateau i n 
H441, H1975, and PCM cells at about 30-40 cells/medium concentration ratio. In contrast, in 
H3255 cells the accumulation of 18 F-PEG6-IPQA continued to increase up to one hour and 
thereafter reached a pi ateau at c ells/medium concentration ratio of 400 -600 (Figure 2D). The 
magnitude of 18 F-PEG6-IPQA accumulation in H3255 cells was more than 10-fold higher than in 
H441 cells, despite the similarity in levels of EGFR expression in the two cell lines, as measured 
by ELISA (Figure 2B). The “washout” study demonstrated a s ignificant retention of 18 F-PEG6- 
IPQA in H3255 cells (at about 400 cell/medium concentration ratio), which accounted for about 
65% of total accumulated radioactivity between 60 and 120 min of incubation. 
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In contrast, almost 50% of 
18 F-PEG6-IPQA 
radioactivity could be 
washed out fr om H 441 
cells, more than 60% from 
PC14c ells, and m ore 
than 70% from HI975 
cells. After washout in 
PC14 and H1975 cells, 
the passive volume of 18 F- 
PEG6-IPQAdi stribution 
was less than 10. The 
magnitude of 18 F-PEG6- 
IPQA accumulation in all 
tested c ell I ines w as 
significantly dec reased i n 
the presence of gefitinib 
at 100 pM/L in the culture 
medium. 

Preferential and irreversible binding of 18 F-PEG6-IPQA to the L858R mutant EGFR kinase. The 

autoradiograhic and Western bl ot anal ysis of el ectrophorograms of pr otein ex tracts fr om 
different NSCLC cells incubated with 18 F-PEG6-IPQA demonstrated preferential and irreversible 
covalent binding of 18 F-PEG6-IPQA to L858R mutant EGFR kinase domain, corresponding to 
172 kD protein band (Figure 3). In H441 cells, the irreversible binding to wild-type EGFR kinase 

was significantly lower than in H3255 cells. 
This obs ervation bee ame m ore evident 
when comparing the i ntensity of radioactive 
bands ( Figure 3 A) and c orresponding 
Western B lot bands (Figure 3 B) of d ifferent 
dilutions of c ellular p rotein ex tracts. In 
particular, the 1:10 di lution of H 441 extract 
contained significantly m ore EGFR protein 
than the 1:10 di luted ex tract fr om H 3255 
cells; how ever, the i ntensity of the 
radioactive band c orresponding to 1:10 
dilution of H3255 c ells w as s ignificantly 
higher (at least a I og order) than th at in the 
1:10 di luted ex tract of H 441c ells. 

Autoradiographic det ection w as m ore 
sensitive than i mmunoblotting and 
chemiluminescent dete ction, as e videnced 
by the pr esence of a f aint radioactive band 
in 1:1000 di luted ex tracts of H 3255 c ells, 
while the c orresponding band on Western 
blot i s not detec table. The i rreversible 
covalent binding of 18 F-PEG6-IPQA to 
EGFR kinase domain was barely detectable 
in undi luted ex tracts of P Cl4 c ells 

expressing I ow I evels of w ild-type E GFR 
and i n undi luted ex tracts of H 1975 c ells 
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Figure 2. In vitro characterization of 18F-PEG6-IPQA 
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expressing L858R/T790M dual mutant EGFR. More importantly, the enzyme inhibition studies 
demonstrated that cold (non-radiolabeled) F-PEG6-IPQA inhibits the recombinant L858R EGFR 
kinase a log order better than the recombinant wild-type EGFR kinase, and almost 50-fold better 
than the L858R/T790M dual mutant EGFR kinase (Figure 3C). Together with the results of in 
vitro radiotracer accumulation studies, these data confirm the s electivity of 18 F-PEG6-IPQA to 
active mutant L858R EGFR kinase. 

Aim 3 Using selected 124 l or 18 F-labeled IPQA derivative, to conduct pre-clinical 
studies in animals with orthotopic models of lung cancer xenografts with 
different levels of EGFR expression/activity, and to assess the value of PET 
imaging as the inclusion criterion for therapy by EGFR inhibitors, as well as for 
monitoring the efficacy of treatment with EGFR-targeted drugs. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 4 Perform pilot clinical PET imaging studies with the optimized 124 l or 18 F-labeled 
IPQA derivative under the RDRC guidelines in patients with NSCLC 
undergoing adjuvant therapy before tumor resection or biopsy. Compare PET 
image-based measures of EGFR activity with immunohistochemical measures 
of phospho-EGFR in situ. 

Summary of Research Findings 

In vivo PET/CT Imaging with 18 F-PEG6-IPQA enables detection of N SCLC expressing L858R 

mutant EGFR. 

In vivo dynamic P ET/CT i maging dem onstrated a r apid ac cumulation of 18 F-PEG6-IPQA i n 
H3255 and, to a lower degree, in H441 subcutaneous (s.c.) tumor xenografts (Figure 4A). The 
18 F-PEG6-IPQA accumulation at 1 20posti.v. injection r eached 2.3 4±0.13 % ID/g i n H3255 
tumors and 1.59±0.44 %lD/g in H441 tumors. Tumor-to-muscle ratios of 18 F-PEG6-IPQA 
accumulation for H 3255 xenografts had r eached the I evel of 2.08± 0.19 at 120 m in post i .v. 
injection, and at the I evel of 1.47±0.08 for H441 tumor xenografts (Figure 4C). In contrast, the 
level of 18 F-PEG6-IPQA accumulation was insignificant in PCM and HI975 s.c. tumor 
xenografts reaching 0.90±0.11 and 1.05± 0.09 % I D/g in PCM and H 1975 tumors, respectively 
(Figure 4A), which was similar to the 0.94±0.22 % ID/g level observed in the muscle (reference 
tissue). Thus, the magnitude of 1S F-PEG6-IPQA accumulation in H3255 was 1.4, 6.3, and 7.6 
fold more (p < 0.001) than H441, PCM, and H1975, respectively. Tumor-to-muscle ratios of 18 F- 
PEG6-IPQA accumulation in PCM and H1975 tumor xenografts reached equilibrium of about 1 
starting at 20 m inutes post i.v. injection (Figure 4C). The un idirectional rate of 18 F-PEG6-IPQA 
accumulation (Ki), calculated using Patlak graphical analysis approach, was significantly higher 
in H3255 tumor xenografts than in H441, PCM, and H1975 xenografts (p<0.05) (Figure 5A). 
Logan graphical analysis approach demonstrated increased binding potential (BP) of 18 F-PEG6- 
IPQA in H3255 tumors, as compared to other tumors (p<0.05) (Figure 5B). 

Pharmacokinetics of 18 F-PEG6-IPQA in tumor-bearing mice. 

After intravenous injection, the 18 F-PEG6-IPQA exhibited a bi-exponential kinetics of clearance, 
with half-lives for the r apid and s low phases of 1.15 and 21.32 m in, respectively. The i nitial 
clearance of 18 F-PEG6-IPQA-derived radioactivity from circulation was via the h epato-billiary 
route; however, starting at 40 m in post i.v. injection, the renal clearance of 18 F-PEG6-IPQA - 
derived radioactivity became predominant at a rate of 27.98 %ID/ml/min (Figures 4E,F). 
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Treatment with qefitinib significantly inhibits 18 F-PEG6-IPQA accumulation in NSCLC expressing 

L858R mutant EGFR. 

In vivo dynamic P ET/CT i maging dem onstrated a significant reduction of 18 F-PEG6-IPQA 
accumulation in H3255 tumor xenografts after treatment with gefitinib (100 mg/kg 1 hour before 
administration of 18 F-PEG6-IPQA) to the level of 1.38±0.43 % ID/g and a tumor-to-muscle ratio 
of 1.56±0.36 at 120 min post i.v. injection (Figures 4B,D). In contrast, the level of 18 F-PEG6- 
IPQA accumulation in H441 tumor xenografts was 1.58±0.01 %lD/g with a tumor-to-muscle ratio 
of 1.77±0.53 at 120 min post i .v. i njection (Figures 4 B,D), which was similar to pre-treatment 
values (Figures 4A,C). In PCM and H1975 tumor xenografts, the magnitude and tumor-to- 
muscle ratios of 18 F-PEG6-IPQA accumulation further decreased (Figures 4 B,D). Both Patlak 
and Logan graphical a nalyses dem onstrated a statistically significant reduction of 18 F-PEG6- 
IPQA accumulation rate (Ki) and BP in H3255 tumor xenografts (p<0.05), whereas the trends in 
reduction of 18 F-PEG6-IPQA ac cumulation i n other turn or x enografts w ere not s tatistically 
significant (Figure 5). 



Figure 4. MicroPET/CT imaging with 18F-PEG6-IPQA of mice bearing human tumor xenografts 
grown from various human NSCLC cell lines expressing different EGFR mutants. 
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Figure 5. Quantitative measures of F-PEG6-IPQA accumulation in tumors 
expressing the wild-type EGFR or different EGFR mutants. Unidirectional influx rate, 
Ki (A); binding potential (B). 


Quantitative autoradiography confirms the results of in vivo PET/CT i maqinq with 1S F-PEG6- 

IPQA. 

Quantitative autoradiography (QAR) demonstrated preferential accumulation of 18 F-PEG6-IPQA 
in v iable por tions of H3255 turn or x enografts ( Figure 6 ). Also, Q AR r evealed i ntratumoral 
heterogeneity of 18 F-PEG6-IPQA. High levels of 18 F-PEG6-IPQA-derived radioactivity 
accumulated in the viable portions of H 3255 tumor xenografts (3.01± 0.84 % ID/g). In contrast, 
no specific 18 F-PEG6-IPQA accumulation was observed inside the nec rotic tumor areas. The 
accumulation of 18 F-PEG6-IPQA in H 441 turn ors ( 2.53±0.15 % ID/g) w as I ower than that i n 
H3255 x enografts, w hile i n H 1975 ( 1.27±0.12 % ID/g) an d P Cl4 (1.54±0.14 % ID/g) tumors, 
accumulation was s ignificantly I ower. P retreatment w ith gefitinib resulted i n ab out 4 -fold 
decrease in 18 F-PEG6-IPQA accumulation in H3255 tumors (to 0.92±0.13 % I D/g) and ~3 times 
in H441 (0.78±0.06 % I D/g). There were almost no differences in 18 F-PEG6-IPQA accumulation 
in PCM and H 1975 tumor xenografts before and after treatment with gefitinib (1.17±0.10 and 
1.05±0.01 %lD/g, respectively). 



Figure 6. M icroPET and quant itative aut oradiography w ith 1S F-PEG6-IPQA, and anat omy 
comparisons. 


In summary, our xenograft studies in mice demonstrated a significantly increased accumulation 
of 18 F-PEG6-IPQA in H3255, as compared to H441, PCM, and H 1975 tumor cells. Due to the 
similarities i n the I evels of L858R EGFR ex pression i n H 3255 and H 441 c ells, pr eferential 
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accumulation of 18 F-PEG6-IPQA i n H 3255 turn ors c an be ex plained at I east i n par t by the 
presence of the L585R activating mutation in the EGFR kinase domain [1,2, 3] . The L858R 
mutation dramatically enhances the magnitude of E GFR signaling activity in FI3255 cells, as 
compared to FI 441 cells that ov er-express wild-type EGFR [1, 3] and PC14 cells that ex press 
wild-type EGFR at a I ow level. As demonstrated by our SAR modeling studies, the activation 
status of E GFR kinase appears to be v ery important for the bi nding mode of 18 F-PEG6-IPQA 
and formation of covalent bond with Cys773. A similar conclusion was drawn from the results of 
previous s tudies w ith s tructurally s imilar 4-anilinoquinazoline-based r eversible i nhibitors 
(gefitinib and erlotinib) that demonstrated these compounds had more than 20-fold increase in 
the affinity and inhibitory activity for the L858R-mutant, as compared to wild-type, EGFR kinase 
[4], pr esumably due to a s hift i n e quilibrium to ward the ac tive s tate i n L858R -mutant E GFR 
kinase. 


While the FI 1975 cells do carry the L858R EGFR mutation that boos ts E GFR s ignaling, the 
second T790M mutation causes resistance to reversible EGFR inhibitors, such as gefitinib and 
erlotinib, by interfering with binding of these inhibitors to the ATP-binding site of EGFR kinase 
[5, 6]. This explanation is supported by the results of an autoradiographic study with Western 
blot analyses of el ectrophorograms of proteins extracted from different NSCLC cells incubated 
in vitro with 18 F-PEG6-IPQA, which demonstrated increased irreversible binding of 18 F-PEG6- 
IPQA to the L858R-mutant EGFR kinase domain, as compared to the wild-type EGFR kinase, 
and no irreversible binding to L858R/T790M dual-mutant EGFR kinase. 


Study of ph armacokinetics, biodistribution, radiation dosimetry, and m etabolites of 18 F-PEG6- 

IPQA. 

One of the most important components of an Investigational New Drug (IND) protocol for novel 
radiolabeled i maging agents i s the as sessment of P harmacokinetics (PK), M etabolism, and 
Radiation Dosimetry. For this application, we have performed dynamic PET/CT imaging studies, 
funded from non-DoD sources, with 18 F-PEG6-IPQA in non-human primates (rhesus macaques; 
3 males and 3 females). Preliminary data from 6 primates imaged with 18 F-PEG6-IPQA were 
collected for the purpose of obtaining initial estimates of average organ doses per MBq, as well 
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Figure 7. Dynamic PET images of F-PEG6-IPQA -derived radioactivity distribution acquired in a 
rhesus monkey. 
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as between subject variations. Radiation-absorbed doses in 25 different organ systems were 
estimated for 3 female and 3 male primates, from which humanized organ doses were 
constructed. These data are used to estimate the two quantities relevant for the estimation of 
radiation dose to be experienced by patients included in this study: the population mean and the 
standard deviation of radiation exposure between patients for each organ. Based on these data, 
our clinical protocol will require that each subject in the first cohort (3 patients) receive the 18 F- 
PEG6-IPQA injection with a maximum total activity of 70 Mbq. An example of spatial and 
temporal dynamics of 18 F-PEG6-IPQA in a rhesus macaque is shown in Figures 7 and 8. 



Figure 8. Time-activity c urves of 18 F-PEG6-IPQA and m ajor radioactive m etabolite 
( 18 F-PEG6) in blood plasma. 


GLP extended single-dose toxicology studies in rats. 

Per FDA requirements, acute toxicology studies in rats have been conducted by the Pre-Clinical 
Services gr oup of the Charles R iver Labor atories (Spencerville, OH) i n c ompliance w ith the 
Good Laboratory Practice (GLP) regulations as described by the FDA (21 CFR Part 58). The 
purpose of thi s s tudy w as to e valuate the potenti al tox icity of F luoro-PEG6-IPQA w hen 
administered to r ats as a s ingle i ntravenous (bolus) i njection, fol lowed by a 14 -day recovery 
period. The study design was as follows: 


Group No. 

No of Toxicity 
(Recovery) Animals 

Dose Material 

Target Dose 

Level 

(pg/kg) 

Dose 

Volume 

(mL/kg) 

Target Dose 

Concentration 

(pg/mL) 

Actual Dose 

Level (pg/kg) 

Male 

Female 

1 

10(5) 

10(5) 

6% Ethanol in 
Saline 

0 

7.75 

0 

0 

2 

10(5) 

10(5) 

Fluoro-PEG6- 

IPQA 

155.0 

7.75 

20 

136.4 a 


a Based on dose formulation analysis report (AEZ00020AO-1-001-1), the concentration of formulation was 
approximately 2% below the acceptable specification (±10%) of nom inal concentration. The Group 2 ac tual dose 
concentration is referred as 136.4 pg/kg throughout this report. _ 


The fol lowing par ameters and end poi nts w ere ev aluated i n thi s s tudy: c linical s igns, body 
weights, body weight changes, food consumption, clinical pathology parameters (hematology, 
coagulation, c linical c hemistry, an d ur inalysis), gr oss nec ropsy fi ndings, or gan w eights, and 
histopathologic examinations. 

There was no test article-related mortality observed in this study. All toxicity and recovery phase 
animals s urvived unti I s cheduled euthanas ia. Ther e w ere no tes t ar ticle-related c linical 
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observations dur ing the dos ing and r ecovery phas es i n m ales and fe males. The re w ere no 
toxicologically m eaningful di fferences i n m ean body w eights, body w eight c hanges, too d 
consumption, hem atology par ameters, c oagulation, c linical c hemistry par ameters, ur inalysis 
parameters ( macroscopic and m icroscopic), and abs olute or r elative or gan w eights i n tes t 
article-treated males or females during the t oxicity and r ecovery phases. Th ere were no 
toxicologically meaningful test article-related gross necropsy findings observed at termination of 
the toxicity and recovery phases. There were no test article-related microscopic changes noted 
during the main or recovery sacrifices in males or females. In both study groups, a procedure- 
related hemorrhage and inflammation noted at the injection sites at Study Day 2 had essentially 
resolved by Study Day 15. In addition, varying numbers of abnormal spermatozoa and varying 
degrees of aspermia i n the epididymides were noted and attributed to immaturity. These 
findings also resolved during the recovery phase. 

We conclude that adm inistration of Fluoro-PEG6-IPQA to rats as a s ingle intravenous (bolus) 
injection was well tolerated at a dos e level of 136.4 p g/kg. N o systemic toxicity was observed 
and no target organs were identified. Based on these results, the no-observed-adverse-effect 
level (NOAEL) was determined to be 136.4 pg/kg in both sexes. 

Clinical Protocol 

The clinical protocol for a phase I s tudy of 18 F-PEG6-IPQA in NSCLC patients has been fully 
developed by the Co-Principal Investigators, Drs. David Stewart (Department of Thoracic/Head 
and N eck Medical O neology) and D on P odoloff ( Department of N uclear Medicine), and 
approved by the N uclear M edicine D epartment at M. D . A nderson C ancer C enter. The 
objectives of the phase I study are summarized as follows: 

Primary Objectives: 

• To deter mine the opti mum dos imetry of 18 F-PEG6-IPQA s odium i njection ba sed on 
critical organ safety and detection sensitivity. 

• To obtain data on 18 F-PEG6-IPQA distribution, pharmacokinetics and metabolites. 

• To assess the safety of a single intravenous administration of 18 F-PEG6-IPQA in 
subjects with solid tumors. 

Secondary Objectives: 

• To obtain preliminary data on the feas ibility of detection of both primary and metastatic 
tumor lesions using 18 F-PEG6-IPQA P ET as compared to standard of care modalities 
[e.g., 18 F-fluorodeoxyglucose P ET, c ontrast e nhanced s tatic computed tom ography 
(CECT), magnetic resonance imaging (MRI), bone scintigraphy and/or US], 

• To correlate the magnitude of tumor uptake and retention of 18 F-PEG6-IPQA with tumor 
EGFR expression and/or drug response. 

The rationale of the current study will be to determine the optimum dosimetry of this novel PET 
imaging agent i n pati ents w ith N SCLC; and t o dem onstrate that i t i s feas ible an d s afe to be 
employed i n r outine PET i maging us e ba sed on c haracteristics of i ts bi odistribution, 
pharmacokinetics, and metabolites. It i s also aimed to assess the detectability of this agent for 
NSCLC and to evaluate the correlation of magnitude of 18 F-PEG6-IPQA retention in tumor with 
EGFR expression and/or drug response. 
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Eligibility criteria for this study have been carefully considered to ensure the safety of the study 
subjects and to ensure that the results of the study can be used. It i s imperative that subjects 
fully meet all eligibility criteria. For entry into the study, the following criteria must be met. 

Inclusion Criteria 

1. All patients must give written informed consent. 

2. Patients should have pathologically or cytologically confirmed non-small cell lung cancer 
with c linical or r adiological ev idence that i t i s not am enable to ther apy w ith c urative 
intent. 

3. Patients s hould be pot ential candidates for t herapy w ith an E GFR ty rosine k inase 
inhibitor or with an anti-EGFR monoclonal antibody by clinical criteria. 

4. Patients should have clinical characteristics that would suggest an increased probability 
of benefit from an EGFR inhibitor. Specifically, they should have either: 

• Less than a 10 pac k-year smoking history AND a I atency period from last tobacco 
use to diagnosis of longer than 10 years 

• AND either lung adenocarcinoma or NSCLC not otherwise specified, OR 

• Known EGFR mutations OR high EGFR gene copy number 

5. Patients should have at least one tumor deposit that is > 1.0 cm in diameter, and that is 
amenable to imaging. 

6. Patients should be ECOG performance status 0-2. 

7. Patients with brain metastases are eligible provided they meet all other eligibility criteria 
and do not require corticosteroids or enzyme-inducing anticonvulsants and provided it is 
felt clinically that they will not require radiotherapy in the three (3) weeks subsequent to 
their participation in the study. 

8. Women of childbearing potential must agree to use adequate contraception (hormonal or 
barrier method of bi rth control; abstinence) prior to s tudy entry and for the dur ation of 
study participation. C hildbearing potenti al w ill be defi ned as w omen who hav e had 
menses w ithin the past 12 m onths, w ho h ave not ha d tubal ligation or bilateral 
oophorectomy. Should a woman become pregnant or suspect that she is pregnant while 
participating in this study, she s hould inform h er treating physician i mmediately. The 
patient, if a man, agrees to use effective contraception or abstinence. 

Exclusion Criteria 

1. Prior therapy with an EGFR inhibitor or an anti-EGFR monoclonal antibody. 

2. Radiotherapy, chemotherapy or any investigational agent within the previous 4 weeks. 

3. A non-investigational targeted agent within the previous 2 weeks. 

4. Thoracic or abdominal surgery within the previous 2 weeks. 

5. A tumor that is known to have a KRAS mutation. 

6. Squamous cell, large cell undifferentiated, neuroendocrine or small cell undifferentiated 
carcinoma of the lung. 

7. A known other currently active malignancy (benign tumors and benign polyps, basal cell 
carcinomas of skin, superficial papillary bladder tumors, and pre-invasive carcinoma of the 
cervix are permitted). 

8. Physical inability to undergo a scanning procedure (e.g., inability to lie flat for the requ ired 
period of time - three sessions of roughly an hour each with ten minutes’ rest in between). 

9. Serum creatinine >1.5 x ULN, bilirubin >1.5 x ULN, AST > 3 x ULN. 

10. Hemoglobin < 8 g/dL, absolute neutrophil count < 1,500/mm 3 , platelet count <100,000/mm 3 . 

11. Potentially life-threatening arrhythmia; myocardial infarct within the previous 3 months; 
unstable angina, or angina at rest; congestive heart failure (New York Heart Association 
Functional Classification class II or worse), uncontrolled hypertension (systolic BP > 160 or 
diastolic BP >100). 
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12. Active acute infection (i.e. currently treated with antibiotics). Patients with chronic infections 
such as hepatitis B or C, mycobacterium avium or similar infections will be el igible provided 
they meet all other eligibility criteria. 

13. Oxygen saturation <90% on room air. 

14. Clinical requirement for systemic corticosteroids for control of cerebral edema or for enzyme- 
inducing anticonvulsants. (Inhaled steroids and systemic steroids for COPD are permitted). 

15. Pregnant or nursing. 

16. Any condition that is unstable or could jeopardize the safety of the patient and hi s or her 
compliance in the study, in the investigator’s judgment. 

Up to 15 evaluable subjects are planned to be included at the single study center M.D. 
Anderson Cancer Center. S ubjects are considered evaluable if they undergo administration of 
18 F-PEG6-IPQA injection, PET imaging procedure, and required follow-up visits. 

After enrollment, the subject will be scheduled for PET imaging using 18 F-PEG6-IPQA injection. 
Each subject in the first cohort will receive an 18 F-PEG6-IPQA injection with a m aximum total 
activity of 7 0 Mbq. The 18 F- PEG6-IPQA injection will be administered by intravenous injection 
and followed by a saline flush. 

PET i maging will comprise 3 sessions of imaging per iods. The total imaging time is 
approximately 3 hours. Within 3 weeks prior to the PET imaging day, the subject will undergo 
imaging procedures as required for standard of care, e.g., CT, MRI, bone scintigraphy, X-ray, 
18 F-FDG P ET, or ul trasound. Th e di agnosis obtai ned fr om thes e e xaminations w ill be an 
imaging reference standard for part of the secondary efficacy evaluation. 

Subjects w ill be i ncluded i n the s tudy for appr oximately 6 w eeks, from s igning the i nformed 
consent until 2 weeks after PET imaging visit. 

The images obtained from all sessions will be used for the dosimetry and distribution analysis of 
the 18 F-PEG6-IPQA PET imaging agent. E stimates of uptak e and r etention in tumors will be 
made and compared to those in normal tissue using data from the m ultiple PET acquisitions. 
Tumors identified with 18 F-PEG6-IPQA whole body PET imaging will be correlated to the tumors 
identified with standard of care imaging examinations. Comparisons will be made on an overall 
(i.e., al I tu mor I esions) and tumor ty pe bas is. O nly turn ors ( or m etastases) i dentified w ith 
standard of care imaging will be used for the secondary endpoint efficacy/delectability analysis. 

Safety will be assessed from the rates of adverse events (AEs), changes in vital signs, changes 
in ECG parameters, and changes in physical examination findings. Safety assessments will be 
performed at various pre- and post-treatment time points (see Table 1). 


Table 1. Study Schedule of Events 



Baseline 

- 72 hours 

Imaging day 

Drior to dosina 

Dose 

+ 1,3,8, and 16 
min 

+ 30 min 

+45, 60, 90, 

&150 min 

+ 3 hour or end 
of imaaina 

+ 24 hours 

+ 1 week 

+ 2 weeks 

Informed consent 

• 











Study entry criteria 

• 











Demographic information 

• 











Medical history 

• 
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Prior/concomitant medication 

• 











'Physical examination 

• 










• 

Injection site monitoring 



• 



• 


• 

• 

• 

• 

^Pregnancy test females of childbearing 
potential) 


• 










Vital signs 



• 



• 


• 

• 

• 

• 

^Standard of care Diagnostic Imaging 

• 











Electrocardiogram 

• 


• 





• 



• 

b Blood samples (serum biochemistry, 
haematology) 

• 








• 

• 

• 

Adverse events (post -treatment) 




• 




• 

• 

• 

• 

'“F-PEG6-IPQA injection 




• 








Blood sample acquisition 





• 

• 

• 





b Urine sample acquisition 












' '“F-PEG6-IPQA PET imaging 













1 Physical exam includes vital signs, exam of heart, lungs, mental status, motor strength, sensory 
perception, pertinent organ systems and anatomic sites as medically necessary. 

2 Subjects not surgically sterile by tubal ligation or hysterectomy or amenorrheic for less than 12 months 
will be considered "of childbearing potential". 

3 Standard of care imaging for all tumor types must be within 21 days of protocol PET imaging 

4 Lead II ECG only will be obtained at -5 min pre-dosing and 2 hr 30 min. post-dosing. Regular 12 lead 
ECG will be obtained at baseline and 30 days post-dosing. 

5 Serum biochemistry: BUN, creatinine, total bilirubin, AST and ALT, alkaline phosphatase; albumin, total 
protein, and serum glucose. Hematology will be CBC. 

6 Urine sample acquisition: Urine will be collected when the patient has to void or at the end of imaging. 
Shaded area indicates continuous assessment. 

7 Imaging timeline and manual for the first cohort (short/medium height [<6 ft]) is in Appendices III and IV. 

3 imaging sessions per study are performed. Each imaging session is composed of two PET/CT scans for 
a total of 6 scans in total per the Timelines. 


Chemistry, Manufacturing, and Controls (CMC) 

In collaboration with Cyclotope, we have successfully converted the production of 18F-PEG6- 
IPQA from a lab scale manual process to an automated cGMP process using GE Tracerlab with 
product-specific hardware modifications. We are in the process of making the final 
modifications for optimal yield. The fi nal process will be validated thereafter. All QC methods 
for product release have been developed. Th ey will be validated together with the production 
validation. The validated manufacturing procedure will be used to m ake all clinical supply in 
phase I study. 


Key Research Accomplishments 

• Completed an IND-driven GLP toxicology study of 18 F-PEG6-IPQA in rats. This is one of 
the most critical studies required by FDA before any clinical trial can be conducted using 
this imaging agent. The results of the study enable us to move the agent into clinical 
trial. 

• Completed Phase I clinical protocol development. This protocol has been reviewed and 
approved by the D epartment of N uclear Medicine where trial will be c onducted, and is 
now pending IRB approval. 

• Developed an automated manufacturing process that complies with cGMP based on the 
lab m anual pr ocess. Wi th thi s cGMP pr oduction, w e are abl e to pr oduce F DA- 
acceptable imaging agent to be used in the clinical phase I trial. 

• Wrote the Investigational D rug Application ( IND) to be s ubmitted to FD A f or its 
permission to conduct the phase I trial. 
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• Two manuscripts (on studies in mice and non-human primates) are in the final stages of 
preparation for publication. 

Conclusions 


Development of 18 F-PEG6-IPQA i nto clinical trial has been I argely completed. We w ill next 
pursue IRB and FDA approval of the protocol and IND, respectively, before initiating the clinical 
phase I trial, which is anticipated during the next unfunded period (no-cost extension). 


Project 3: Targeted Peptide-based Systemic Delivery of Therapeutic and Imaging Agents 
to Lung Cancer 

(PI and co-PI: Renata Pasqualini, Ph.D., Wadih Arap, M.D., Ph.D.) 

The studies outlined in this proposal focus on the use of peptide sequences with selective lung 
tumor-targeting properties. We will seek to validate these probes as delivery vehicles in drug 
and gene -targeting appr oaches. Thi s appr oach di rectly s elects in vivo for c irculating pr obes 
capable of preferential homing into tumors. The strategy will be to combine homing peptides in 
the c ontext of phage a s gene ther apy v ectors. G iven that m any of o ur pepti des al so tar get 
angiogenic vasculature i n addi tion to turn or c ells, the se studies ar e I ikely to e nhance the 
effectiveness of therapeutic apoptosis induction and imaging technology. 


Aim 1 To select peptides targeting primary and metastatic tumors in lung cancer 
patients. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 2 To validate receptors for targeting human lung cancer. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 3 To design tools for molecular imaging of lung tumors. 

Summary of Research Findings 

In collaboration with Dr. Juri Gelovani, our group has previously reported the design, generation, 
and construction of AAV/phage (termed AAVP) particles (Hajitou et al. 2006, Hajitou et al. 2007, 
Soghomonyan et al .2 007) for targeted m olecular-genetic i maging. Thes e hy brid v ectors 
containing prokaryotic and euk aryotic c is-genomic el ements hav e the potenti al to i ntegrate 
ligand-directed targeting and molecular-genetic imaging. In a related line of research, we have 
used labeled targeted peptide motifs themselves as imaging tools (Yao et al. 2005, M archio et 
al. 2004, Arap et al. 2004, Zurita et al. 2004, Cardo-Vila et al. 2003, Chen et al. 2003, Mintz et 
al. 2003). In pilot experiments, AAVP-based molecular-genetic imaging appears to be superior 
to FDG in side-by-side comparisons because it provides prediction of therapeutic response in 
addition to response monitoring (Hajitou et al., PNAS, 2008). Thus, we plan focus primarily on 
the development of A AVP-based m olecular-genetic i maging. Fi nally, we have al so des igned 
and developed nanotechnology-based (i.e., bottom-up self-assembled) biocompatible networks 
of phage-gold as nanotechnology-based molecular sensors and reporters (Souza et al. 2006a, 
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Souza et al. 2006b); this new methodology will be incorporated and it will likely prove to be quite 
synergistic with AAVP (Souza et al. Nature Nanotechnology, 2010). 

Future Planned Research 

There are several areas of research planned: (i) To use prototypes of this new class of targeted 
hybrid vectors for therapy and for molecular-genetic imaging; (ii) to develop AAVP-based library 
applications; (iii) to c reate other chimeric prokaryotic-eukaryotic vectors; and ultimately (iv) to 
generate an “imaging transcriptome” for lung cancer. 

(i) We will use targeted prototypes of this class of hybrid vectors for molecular-genetic 
imaging/therapy, specifically for: 

• Discovery of new ligand motifs that target human tumor endothelium (Staquicini et al., in 
progress) 

• AAVP-based anti -vascular c ancer ther apy b y tar geted T NF i n pet dogs w ith nati ve 
tumors (Paoloni et al., in press) 

• Integrate biocompatible networks to create a transducing matrix ( Driessen et al., in 
preparation) 

(ii) To develop AAVP-based combinatorial peptide libraries for use in directing patient selection, 

e.g., for patient settings such as pre-operative and with metastatic tumors. As such, the 
steps towards this goal are as follows: 

• Design and pr oduction of tar geted AAVP prototypes and I ibraries i n G MP-facilities for 
patient applications. 

• NIH RAC approval for long-term transduction in cancer patients. 

• Proof-of-concept with a reporter/suicide gene (i.e., HSV-fk) or targeted TNF. 

(iii) We will create other hybrid vectors with the biologic attributes of bacteriophage and animal 

viruses. Generation of a double-stranded DNA construct with elements of adenovirus 
and of lambda phage is ongoing (Sun et al., in progress) 

(iv) The i ncorporation of tr anscriptional targeting (through tissue-specific or radiation-induced 

promoters) to ligand-directed AAVP-targeting may enable one to determine a gene’s (or 
set of genes’) status without tissue biopsy. 

Mentoring, Past Outcomes, and Future Training 

Several investigators have developed either into academic diagnostic radiologists (e.g., Bradley 
Restel, M.D.) or became independent laboratory-based Principal Investigators with an interest in 
molecular i maging ( Amin H ajitou, P h.D., Glauco S ouza, P h.D.). The c urrent and nex t- 
generation of investigators in training include Suren Soghomonyan, Ph.D. and Michael Ozawa, 
M.D./Ph.D. student. We hav e r equested a c ross-appointment w ithin the D epartment of 
Experimental M olecular Im aging (with D r. G elovani). We bel ieve tha t a for mal a ppointment 
within this department will mutually enhance the pr oductivity of a Targeted Imaging Program 
(TIP) am ong other translational research i nitiatives. We al so trust that r eportable outcomes 
including i mproved c ross-training of tr anslational r esearchers i n m olecular i maging w ill be 
facilitated as ac onsequence of thi s faculty appointment, and s o a s eriesofm eetings and 
standing related activities has been planned for mid- to late-2010. 

Key Research Accomplishments 

• Used labeled targeted peptide motifs themselves as imaging tools. 

• Demonstrated that AAVP-based molecular-genetic imaging appears to be superior to 
FDG in side-by-side comparisons for predicting therapeutic response. 
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• Designed and dev eloped nanote chnology-based (i.e., bottom -up, self-assembled) 
biocompatible networks of phage-gold as nanotechnology-based molecular sensors and 
reporters. 

Conclusions 


The c entral w orking hy pothesis in our pr ogram i s that di fferential pr otein ex pression i n the 
human vascular endothel ium as sociated w ith I ung c ancer offer s the potential for dev eloping 
novel diagnostic, imaging, and therapeutic s trategies. In es sence, c ombinatorial I ibrary 
selections (peptide- and antibody-based) are leveraged to discover, validate, and exploit the 
vascular bi ochemical di versity of endothelial cell s urfaces tow ards a new v ascular-targeted 
pharmacology. Such targeting technologies may lead to the development of ligand-directed 
agents for application in the tr eatment of c ancer patients. Translational applications, such as 
first-in-human clinical trials, have now began within the institution, as the Food and Drug 
Administration (FD A) has r ecently gr anted a “safe-to-proceed” s tatus for the fi rst v ascular- 
targeted Investigational New Drug, discovered, developed and bei ng evaluated in patients at 
MDACC. Such trials will ultimately determine the value of this strategy. Two other drugs are in 
pre-IND stage and several others in pre-clinical laboratory phase. Long-term, the broader vision 
of the r esearch i s a I arge-scale m apping of r eceptors i n human v asculature to wards a new 
ligand-directed pharmacology. 


Project 4: Inhibition of bFGF Signaling for Lung Cancer Therapy 

(PI: Reuben Lotan, Ph.D.) 

The survival of lung cancer patients is poor because this cancer is diagnosed at advanced 
stages. Th erefore, i mprovements i n ear ly d etection thr ough the i dentification of m olecular 
markers for diagnosis and for intervention combined with targeted chemoprevention are urgently 
needed. While the molecular events involved in lung cancer pathogenesis are being unraveled 
by ongoi ng I arge s cale genom ics, proteomics, and m etabolomics s tudies, i t i s a Iready w ell 
recognized that proliferation-, s urvival- and angi ogenesis- promoting s ignaling pathways are 
amplified i n I ung cancer. A mong the angi ogenesis s ignaling pathw ays, the bas ic fi broblast 
growth factor (bFGF) and its transmembrane tyrosine kinase receptors (FGFRs) are playing 
important roles in addition to the well-studied vascular endothelial growth factor (VEGF) and its 
receptors (VEGFRs). B oth types of angiogenesis signaling pathways, the V EGF/VEGFR and 
the bFGF/FGFR, have been detected in NSCLC and associated with lung cancer development. 
However, most efforts in preclinical and c linical trials have been di rected to the V EGF/VEGFR 
pathway. 

We hypothesize that bFGF triggers signaling pathways that contribute to malignant progression 
of I ung c ancers by s timulating turn or c ell and endothel ial c ell pr oliferation and s urvival an d 
augmenting angiogenesis. Therefore, agents that i ntervene in this pathway may be useful for 
lung cancer therapy either alone or in combination with agents that target the V EGF/VEGFR 
signaling pathways and/or with cytotoxic agents. We will address the following specific aims in 
order to understand the mechanism(s) underlying the in vitro and in vivo effects of bFGF on I ung 
cancer and endothelial cells and the ability of bFGF inhibitors to suppress the growth of NSCLC in 
vitro and in vivo. 

Aim 1 Determine the effects of bFGF on in vitro growth, survival, motility, invasion 
and angiogenesis of NSCLC cells and endothelial cells. 
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Summary of Research Findings 

This aim was completed and summarized in the previous reports. 

Aim 2 Evaluate the relative potency of several inhibitors of bFGF binding to receptor 
(i.e., TMPP and analogs) in inhibiting effects of bFGF detected in Specific Aim 
1 and evaluate the effects of these inhibitors in combination with paclitaxel on 
in vitro growth and survival of tumor cells. 

Summary of Research Findings 

This aim was completed in conjunction with Aim 4. Results are reported under Aim 4. 

Aim 3 Evaluate anti-tumor activity (growth inhibition, apoptosis, suppression of 
angiogenesis) of the most effective inhibitor identified in Specific Aim 2 when 
used alone and in combination with paclitaxel in an orthotopic lung cancer 
model using luciferase-expressing NSCLC cells for in vivo bioluminescence 
imaging of tumor growth and response to treatment. 

Summary of Research Findings 

As previously reported, we were unable to complete this specific aim because development of 
the FGF signaling inhibitory small synthetic molecules was discontinued (e.g., TMPP by 
Prochon Biotech and SSR128129 by Sanofi/Aventis), and other companies with such inhibitors 
(e.g., FGFR2-FC from Centilion co and B MS-582664 from Bristol Myer Squibb) were unwilling 
to provide sufficient quantities of their compounds for in vitro and animal studies. 

Aim 4 To investigate the expression of bFGF signaling components (bFGF, FGFR-1, 
FGFR-2, heparan sulfate, syndecan-1, and FGFR-3) by IHC staining of tissue 
microarrays (TMAs), and correlate the expression of bFGF/bFGFRs between 
tumor and non-malignant epithelial cells with angiogenesis. 

Summary of Research Findings 

Over the previous year, our research has focused on understanding the mechanism of the anti - 
tumor effects of agents that target FGFR1-mediated signaling, especially the adenoviral vector 
expressing the dominant-negative FGFR1 construct (AdV/DNFRI). We focused on this agent 
after dem onstrating, as reported previously in I ast year’s report, that it had a potent gr owth 
inhibitory effect on s everal I ung cancer cell I ines. We ex plored the pot ential role of the heat 
shock protein Hsp90 as downstream effectors of FGF signaling. 

Differential growth inhibitory effects of adenoviral DNFR on normal and malignant lung cancer 
cells 

We compared normal human bronchial epithelial cells (NHBE) to thos e of the m alignantlung 
cell lines (1170-1, A549, and H 1299) regarding their response to inhibition of FGFR1 signaling 

using an adenov iral v ector c ontaining 
the dom inant-negative FG FR1 
(AdV/DNFRI). We found that the 
malignant c ells w ere m ore s ensitive to 
growth i nhibition than the nor mal c ells 
(Table 2). NHBE and malignant lung 
cancer c ells w ere tr eated w ith 
adenoviral v ector c ontaining onl y LacZ 
reporter or the dom inant negati ve 


Table 2. Effects of AdV/DNFRI on cell growth 

Cells 

Growth inhibition by AdV/DNFRI 


48 hours 

72 hours 

Normal NHBE 

10.0 

16.2 

1170-1 

23.1 

32.5 

A549 

21.3 

42.0 

HI 299 

20.8 

39.8 


21 









Army Award W81XWH-05-2-0027; Waun Ki Hong, M.D. 

Annual Report: Reporting Period 15 February 2009 - 14 February 2010 


FGFR1 construct or without any treatment, and the cell numbers were determined 48 and 72 
hours later using the colorimetric sulforhodamine B assay. Growth inhibition as a percentage of 
the untreated cells was calculated and the inhibition by the LacZ vector was subtracted from 
that of the AdV/DNFRI. 


Table 3. Effects of AdV/DNFRI on cell 
cycle and apoptosis in H1299 cells 

Cell cycle phase 

Control 

AdV/DNFRI 

G1 

38.7 

26.0 

S 

38.1 

20.5 

G2/M 

23.2 

53.5 

Apoptosis 

3.22 

14.7 


The gr owth i nhibition was pr imarily the r esult of 
induction of a cell cycle arrest in the G2/M phase 
and, to a m uch I esser degr ee, via i nduction of 
apoptosis (Table 3). The malignant lung cancer cells 
H1299 were treated with adenoviral AdV/DNFRI or 
control v ector and , after 48 hour s, they w ere 
harvested and their DNA was stained with propidium 
iodide or with the apoptos is TU NEL reagents; cell 
cycle and apoptos is w ere then analyzed b y fl ow 
cytometry. 


Mechanisms of cell cycle arrest in G2/M by AdV/DNFRI infection 

To understand the m echanism by which suppression of FG FR1 signaling using the AdV/DNFRI 
inhibits growth by G2/M cell cycle block, we analyzed various proteins that regulated cell cycle in 
1170-1 cells treated with AdV/GFP control vector or AdVDNFRI. Cdc2, a cyclin- dependent kinase 
(also called CDK1), determines the onset of mitosis in all eukaryotic cells. In its unphosphorylated 
state, CDK1 forms a complex with cyclin B1 to trigger entry into mitosis. The function of cdc2 is 
inhibited by phos phorylation on ty rosine 15, w hich causes di ssociation from cyclin B 1. Thi s 
phosphoryation c an be causedbythek inase Weel while the phosphatase c dc25 can 
dephosphorylate cdc2. Thus, an increase in Weel and decrease in cdc25 can each induce a G2 
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Figure 9. A: Analysis of cell cycle related proteins in AdV / DNFR1 infected 1170-1 cells. The cells were 
infected with vector control (GFP) or the dominant negative vector and after 24, 48 and 7 2 hours, the 
cells were harvested and lysates were prepared. A and C. The lysates were separated by 10% SDS- 
PAGE and a nalyzed for I evels of t he indicated p roteins by W estern bl otting. B. The lysates w ere 
subjected to in vitro kinase assay by immunoprecipitating p34cdc2 followed by analysis of its kinase 

activity using histone HI as a substrate and of [32p] adenosine triphosphate (ATP) as phosphate donor 
followed by gel electrophoresis and autoradiography of the dried gel. D: The 1170-1 cells were treated 
with vehicle or 20 ng/ml bFGF for 2 or 6 hours in KGM medium (without supplement). The cells were 
lysed and analyzed by Western blotting for levels of p21, p27 and actin. 
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arrest. Chkl kinase can activate Weel and inactivate Cdc25 phosphatase and these effects can 
lead to G 2 arrest as well. P21 can inhibit cdc2-cyclin B complex and bl ock cell cycle in G2. As 
shown in Figure 1, we found that AdVDNFRI decreased the expression of p34cdc2 mainly after 
48 and 72 h ours, but more rapidly decreased the level of cdc2 phosphorylation, after only 24 hr 
(Figure 9A). Furthermore, the kinase activity of cdc2 was suppressed in the DNFR1 infected cells 
(Figure 9B). In addi tion, the expression of D NFR1 decreased the levels of cdc25 and Chkl and 
increased Weel, and the cyclin-dependent kinase inhibitors (CKI) p21 (inhibits cdk2 and cdk4) 
and p27 ( CDKN1B) (Figure 9C). Thes e changes can explain the G 2 arrest. T he increase in 
cyclin B 1 is not c lear but, with a I ow Ievel of c dc2, cyclin Bl would not be abl e to function i n 
triggering mitosis. Interestingly, the effect of the DNFR1 was opposite to the effect of bFGF, which 
suppressed the I evels of the c ell c ycle k inase i nhibitors (CKI) p21 a nd p27 ( Figure 9D ). Th e 
opposite effects of DNFR1 and bFGF lend further support to the conclusion that DNFR1 blocks 
the FG FR1 signaling. These results i ndicated that the adenov iral vector containing a dom inant 
negative FGFR1 receptor construct could potentially be useful for treatment of lung cancer in vivo. 
Studies targeting lung cancer could benefit from an aerosolized delivery by inhalation. 


Induction of Hsp90 by bFGF and effects of Hsp90 inhibition on lung cancer cell growth 
Other reported that the mitogenic effects of bFGF in breast cancer cells require the presence of 
the heat shock protein Hsp90. Hsp90 is ubiquitous but its expression is elevated in many cancer 
cells, including lung cancer compared to normal cells. It regulates cellular stress responses by 
acting as a chaperon protein; namely, it preserves the function of proteins by maintaining their 
conformation and s tability. Thes e c lient pr oteins pi ay i important func tions s uch as gr owth, 
differentiation, and s urvival. Ini tially, w e deter mined w hether H sp90 and other H sps ar e 
expressed in lung normal and malignant cells. We found that only Hsp90 showed a consistent 
increased I evel betw een nor mal a nd m alignant c ells, and i ts I evel i ncreased gr adually fr om 
normal through immortalized and transformed cells to malignant cells (Figure 10). 


1 23456789 10 

Hsp90 
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Hsp60 
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1: NHBE Normal cells 

2: BEAS-2B. Immortalized NHBE cells 

3. 1799; Immortalized BEAS-2B derivative 

4 1198; transformed non tumorigenic derivative of BEAS-2B 

5. 1170-1; tumongemc derivative of BEAS-2B 

6. H460 lung carcinoma cell line 

7. HI792 lung carcinoma cell line 

8. SK-MES-1 lung carcinoma cell line 

9. A549 lung carcinoma cell line 
10 Caiui; lung carcinoma cell line 


Figure 10. Expression of H eat shock proteins i n no rmal, i mmortalized, t ransformed a nd 
tumorigenic/malignant I ung c ells. T he i ndicated 10 c ell I ines w ere c ultured in t heir o ptimal g rowth 
media a nd h arvested an d I ysed t hen analyzed by Western bl otting f or t he expression of H sp90, 
Hsp27, Hsp60, and Hsp70. Actin was used as an internal control to compare protein loading in the 
different lanes. 


To determine whether Hsp90 i s i mportant for the gr owth of I ung cancer cells a nd whether i ts 
expression is related to the effects of bFGF and to FGFR signaling in lung cancer cells, we 
analyzed the effects of the Hsp90 inhibitor Geldanamycin on the lung cancer cells in the absence 
and presence of bFGF. We found that treatment of lung cancer cells with Geldanamycin inhibited 
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cells growth by blocking cells in the G2 phase of the cell cycle and by inducing apoptosis (Figure 
11A). Treatment with a low dose of 50 nM Geldanamycin was able to decrease the percentage of 
cells i n the S phas e and doubl e the c ells i n th e G 2/M ph ase. H owever, the ov erall effec t o n 
apoptosis was rather small (<10%). Treatment with a high dose of 1 pM Geldanamycin induced a 
more substantial decrease in S phase, an increase in G2/M (Figure 11 A, lower panels), and a 
particularly impressive increase in apoptosis up to 76.8% (Figure 11B, lower panels). 
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Figurell. Effects of Geldanamycin on cell cycle and apoptosis in 1170-1 lung cells. The cells were grown 
in control medium or in medium with either 50 nM or 1 p M Geldanamycin. After24 h ours, cells were 
harvested for cell cycle analysis after propidium iodide staining of their DNA followed by flow cytometry. 
Other cultures of the same experiments were harvested after 72 hours and analyzed for apoptosis by the 
TUNEL assay. The numbers below the flow cytometry data represent either % cells in different phases of 
the cells cycle (A) or % apoptosis (B). 


To explore the mechanism of the effects of Geldanamycin, we analyzed the level of proteins 
related to cell cycle regulation and apoptosis and found that Geldanamaycin increased the level of 
cyclin B 1 a nd p21 and dec reased the I evel o f Weel ( Figure 12). I mportantly, G eldanamycin 
decreased the level of cdc2 (Figure 12B) and suppressed the kinase activity (Figure 12C). The 
latter effects were reminiscent of the effects of the dominant-negative FGFR1 infection (Figure 9). 
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Figure 12. Effects of Geldanamycin on the levels of cell cycle related proteins in 1170-1 cells. The cells 
were grown in control medium or medium with the indicated concentrations of Geldanamycin for 4 8 
hours (A, lower panel in B, and C) or for 16 or 24 hours (B). The cells were harvested at those times 
and subjected to Western blotting analysis (A and B) or to cdc2 kinase activity using Histone HI as a 
substrate (C). 
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To explore the possible cross-talk between Hsp90 and FG F signaling, we analyzed the effect of 
bFGF treatment on Hsp90 level and found that treatment of lung cancer cells with bFGF induces 
the heat s hock protein Hsp90 without affecting the I evels of other Hsp protein like Hsp27 and 
Hsp70 (Figure 13). 


FGF (ng/ml): 0 1 5 20 50 



Figure 13. Induction of heat shock protein Hsp90 by bFGF in 1170-1 cells. The 
cells w ere t reated for 2 hour s w ith t he i ndicated c oncentrations of bF GF then 
harvested and analyzed by western blotting for the expression of Hsp27, 70 and 
90. The same membrane was probed with actin as a control for protein loading. 


To assess the possible role of Hsp90 in the growth stimulatory effects of bFGF on the lung cells, 
we examined the ability of Geldanamycin to affect the growth stimulation of the lung cells by 
bFGF. We found tha t G eldanamycin i nhibited, in a dose-dependent fas hion, the gr owth 
stimulatory effect of bFGF in 1170-1 cells (Figure 14). These results suggest that Hsp90 function is 
important for the mitogenic effects of bFGF in the lung cells. 
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Figure 14. Effects of Geldanamycin on the mutagenic effect of bFGF. 1170-1 cells were grown in 
control m edium o r m edium w ith 20 ng/ml bF GF without and with t he i ndicated c oncentrations of 
Geldanamycin for 72 hours (A) or 18 hr (B). The cells were harvested at those times and subjected to 
cell counting by a c olorimetric assay (A) or to cell cycle analysis by propidium iodide DNA staining 
followed by flow cytometry (B). 
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Key Research Accomplishments 

• Discovered that blocking the FGFR1 signaling by DNFR1 leads to inhibition of cell 
growth by blocking cells at the G2 phase of the cell cycle through decreased expression, 
phosphorylation, and kinase function of p34c dc2 combined with increased Weel, and 
the cyclin-dependent kinase inhibitors p21 and p27. 

• Determined that Geldanamycin inhibits the growth of I ung cancer cells by a G2/M block 
and by a m echanism th at i n part e mulates the bl ocking of FG FR s ignaling by D NFR1 
expression. 

• Demonstrated the ability of bFGF to increase Hsp90 level and the ability of the Hsp90 
inhibitor G eldanamycin to i nhibit F GF s ignaling, suggesting that H sp90 i s a p ositive 
mediator of FGF effects. 

Conclusions 

Our results indicate that the adenoviral vector containing a dominant negative FGFR1 receptor 
construct, which inhibits FGFR signaling, could potentially be useful for treatment of I ung cancer 
in vivo. Studies targeting lung cancer with this adenoviral construct are warranted. Such studies 
could focus on adenov irus delivery by inhalation using an aerosolized preparation. In terms of 
understanding FG FR signaling, o ur s tudies hi ghlighted an i important r ole for H sp90 as a 
downstream mediator of FG F effects. Thi s suggests that combined targeting of F GFR signaling 
(e.g., by AdVDNFRI) and Hsp90 function (e.g., by Geldanamycin or other Hsp90 inhibitors) could 
provide additive or synergistic efficacy. 


Project 5: Targeting mTOR and Ras signaling pathways for lung cancer therapy 

(Project Co-leaders: Shi-Yong Sun, Ph.D., Suresh Ramalingam, M.D.) 

It should be noted that D r. Suresh Ramalingam assumed the I eadership of P roject 5 fol lowing Dr. 

Fadlo Khuri’s decision to step dow n due to increased administrative responsibilities; this 

administrative change was approved by the DoD in November 2009. Fol lowing is a summary of our 

research progress: 

Aim 1 To determine whether an mTOR inhibitor inhibits the growth of human NSCLC 
cells via G1 growth arrest or induction of apoptosis, and to identify the 
molecular determinants of mTOR inhibitor sensitivity. 

Summary of Research Findings 

This aim was completed and summarized in the previous reports. 

Aim 2 To determine whether the effect of mTOR inhibitors on the growth of human 
NSCLC cells is enhanced in the presence of a PI3K inhibitor or a MAPK 
inhibitor. 

Summary of Research Findings 

The i nitial p roposed s tudies hav e b een c ompleted and s ummarized i n the pr evious r eports. 

Additionally, we determined whether or not the s equence of the c ombination treatment affects 

the therapeutic outcome. We found that the concurrent treatment with rapamycin and LY294002 
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was more effective than sequential treatments with either rapamcyin followed with LY294002 or 
LY294002 followed by rapamcyin in inhibiting the growth of cancer cells (Figure 15). 


A H460 A549 



1 


v 


$ 

0 

\JgL SJV 



V;,\ 

4 




Figure 15 . Effects of combination schedules of 
rapamycin a nd LY 294002 on t he gr owth of 
human lung cancer cells. Growth inhibition was 
evaluated by colony formation assay after a 12- 
day t reatment. T he t ested agents w ere 
replaced every 3 days. 


We obtained the novel PI3K/mTOR dual inhibitor BEZ235, and we further examined the effects 
of RAD001 combined with BEZ235 on the growth of human lung cancer cells. We found that the 
combination of sub-optimal concentrations of RAD001 and BEZ235 exhibited synergistic effects 
on inhibiting the growth of the lung cancer cells evaluated. In agreement with the rapamycin and 
LY294002 combination, concurrent combination ofRADOOl and BEZ235 was more effective 
than s equential combination tr eatment i n i nhibiting the growth of c ancer c ells ( Figure 16). 
Interestingly, we found that p-Akt levels were not reduced in the cells treated with the 
combination, s uggesting that the combination of R AD001 and B EZ235 ex hibits enhanc ed 
growth inhibitory effects of cancer cells without inhibition of Akt. The ongoing work will focus on 
elucidating the underlying mechanism. 



Aim 3 To evaluate the efficacies of the combinations of rapamycin with LY294002 or 
U0126 in nude mice models of lung cancer xenografts in vivo. 
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Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 4 To conduct a pilot clinical biochemical induction trial to investigate the effect of 
RAD001 in operable NSCLC patients and identify molecular determinants of 
RAD001 sensitivity and prognosis. 

Summary of Research Findings 

A phase IB study to evaluate the molecular effects of everolimus (RAD001) on non-small cell 
lung c ancer turn ors i s c urrently under way. P atients w ith surgically r esectable NSCLC ar e 
eligible for the study. After an i nitial tumor biopsy and a P ET scan, patients are treated with 
everolimus for 3 w eeks at a dos e of 5 m gPOQD. On day 22, pat ients under go s urgical 
resection. T he turn or ti ssue at ba seline and the pos t-therapy s pecimens ar e anal yzed fo r 
various biomarkers in the AKT-mTOR pathway. A total of 11 patients have been enrolled to the 
study including one patient on the control arm. The median age of the patients is 60 years. Five 
patients had adenocarcinoma histology and one had squamous cell carcinoma. The treatment 
was tolerated well overall for the 10 patients on the treatment arm. The salient adverse events 
included grade 1/2 nausea, emesis, and hypertriglyceridemia. Two patients had prolonged post¬ 
operative recovery that was attributed to pre-existing co-morbid illness. 


Prior Treatment Post treatment 



Figure 17. Staining of p-Akt in patient #1 and p-S6 in patient #5 using immunohistochemistry. 


Five out of 6 patients, with available paired PET scans, demonstrated a reduction of 15 - 42% in 
standardized uptake v alue ( SUV) for FD Gl evels. Im munohistochemistry s tudiesw ere 
performed on the pai red tumor tissues for 6 pati ents. An increase in p-AKT was noted in the 
post-treatment tumor tissue in 5 out of 6 patients (Figure 17). This is consistent with our pre- 
clinical s tudies that de monstrated c onsistent upregulation of A KT w ith i nhibition of m TOR 
signaling (Sun etal, Cancer Res, 2005). Phosphorylated S6 was downregulated in one out of 6 
specimens ( Figure 17). O nly one out of 5 pa tients dem onstrated a r eduction i n p -P70S6k 
activity w ith the ev erolimus therapy. Whi le s ome of thes e m olecular c hanges d ocument the 
biological effects of mTOR inhibition on the tu mor tissue, some markers were not affected and 
this could be related to the time elapsed between the I ast dose of everolimus ingested by the 
patient and the ti me of s urgery. C ontinued ac crual to t he s tudy w ill hel p unde rstand thes e 
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recorded events; we intend to accrue a total of 20 patients to the treatment arm and 10 to the 
control arm. 

Key Research Accomplishments 

• Demonstrated that concurrent treatment with rapamycin and LY294002 is more effective 
than sequential treatments with either rapamcyin followed with LY294002 or LY294002 
followed by rapamcyin in inhibiting the growth of cancer cells. 

• Discovered that the combination of sub-optimal concentrations of RAD001 and BEZ235 
exhibited synergistic effects on inhibiting the growth of the lung cancer cells evaluated. 

• Enrolled a total of 11 patients to the study, including one patient on the control arm. 

Conclusions 


During the previous pr oject period, we continued to evaluate whether the effect of mTOR 
inhibitors on the growth of human NSCLC cells is enhanced in the presence of a PI3K inhibitor 
or a MAPK inhibitor. We demonstrated that the combination of sub-optimal concentrations of 
RAD001 and BEZ235 exhibited synergistic effects on i nhibiting the growth of the I ung cancer 
cells and th at the c ombination of RAD001 an d B EZ235 w as m ore e ffective than s equential 
combination treatment in i nhibiting the gr owth of cancer c ells. The fi ndings confirm the 
feasibility of conducting ‘window of opportunity’ studies as a novel mechanism to understand the 
molecular effects on targeted agents on the tumor tissue. We continued to enroll patients to the 
RAD001 trial to i nvestigate the effect of this drug in operable NSCLC patients and to i dentify 
molecular determinants of RAD001 sensitivity and prognosis. 


Project 6: Identification and Evaluation of Molecular Markers in Non-Small Cell Lung 
Cancer (NSCLC) 

(PI and co-PI: Ralf Krahe, Ph.D., Li Mao, M.D) 

A better understanding of the lung cancer biology and an identification of genes involved in 
tumor i nitiation, pr ogression and metastasis are an i important fi rst s tep I eading to the 
development of new prognostic markers and targets for therapy. In the same context, 
identification of r eliable predictive m arkers for response or resistance to ther apy i n N SCLC 
patients i s also des perately des ired for opti mal del ivery of tar geted ther apy and/or s tandard 
chemotherapy. The pr oposed s tudies ai m to identify the two t ypes of m arkers that w ould 
eventually hel p dev elop s marter c linical tr ials, which wills electively r ecruit pati ents w ho ar e 
more I ikely to r espond to one r egimen ov er another and I ead to i mprovement of ov erall 
therapeutic outcomes. 

Aim 1 To expression profile by DNA microarray technology aerodigestive cancers - 
with primary focus on adenocarcinoma and squamous cell carcinoma (SCC) 
of the lung, and head and neck squamous cell carcinoma (HNSCC), 
including primary tumors and normal adjacent tissue, and (where available) 
metastatic lesions. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 
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Aim 2 To DNA profile the same samples by complementing DNA approaches to 
stratify RNA expression profiles on the basis of their corresponding DNA 
profiles. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 3 To evaluate the contribution of promoter hypermethylation and transcriptional 
inactivation of known cancer genes subject to epigenetic silencing to cancer 
phenotype. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 4 To determine protein signatures of treatments of erlotinib and other 
therapeutic agents, alone or in combination, in NSCLC and identify molecular 
predictors of response. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 

Aim 5 To determine a clinical utility of the molecular predictors. 

Summary of Research Findings 

This aim was completed and summarized in previous reports. 

Conclusions 

This project was completed as reported in the previous annual report. 


Core B: Biostatistics & Data Management Core 

(Core Director: J. Jack Lee, Ph.D.) 


The Biostatistics and Data Management Core has continued to work with all IMPACT Projects in 
their r esearch effor ts, especially i n the ar ea of bi ostatistical s upport i n c linical trial des ign, 
implementation, and analysis of experimental results. We also developed statistical methods to 
enhance the design and analysis pertinent to the lung cancer research. 


Specific Aims: 

1. To ensure that the r esults of al I projects are based on well-designed experiments and 
are appropriately interpreted by providing experimental design; sample size estimates; 
power calculations; and integrated, comprehensive analysis for each basic science, pre- 
clinical, and clinical study. 

2. To develop a data m anagement system that i ntegrates clinical, pathological, and b asic 
science data while providing data integrity through process tracking and quality control. 

3. To provide statistical a nd data m anagement s upport for genom ic and i maging studies 
including microarray, proteomics, and molecular targeted imaging. 
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4. To develop and adapt i nnovative statistical methods pertinent to bi omarker-integrated 
translational lung cancer studies. 

5. To produce statistical reports for all projects. 

6. To collaborate and assist all project investigators with the publication of scientific results. 

Summary of Research Findings 

Core B continues to pr ovide statistical support in the c onduct and interim efficacy and tox icity 
analyses of the clinical trial proposed in Project 1: “A Phase I/ll Study of Tarceva (erlotinib) in 
Combination with Chemoradiation in Patients with Stage III A/B Non-Small Cell Lung Cancer” 
(PI: Dr. Ritsuko R. Komaki). In addition, we continue to provide statistical support for the clinical 
trial in the Developmental Research Project 1 titled: “Treatment of Malignant Pleural Effusion 
with ZD6474 a N ovel Vascular Endothelial Growth Factor Receptor (VEGFR) and Epidermal 
Growth Factor Receptor (EGFR) Tyrosine Kinase Inhibitor” (PI: Dr. Roy Herbst). Both studies 
have continued to enroll patients over the past year and we are anticipating that these trials will 
be completed and ready for statistical analysis by the end of 2010 (note: a request for a no-cost 
extension for the IMPACT grant has been submitted to the DoD). 

Core B has w orked c losely w ith D rs. J uri G elovani, D avid S tewart, and B ijun Yang i n th e 
development of a thr ee-stage design for the protocol: “A Phase I Study of 18-F-Fluoroacetate 
Sodium as aP ET Imaging Agent for Tumor Detection” (2009-0157). Comprehensive toxicity 
data from primate studies (performed outside the scope of the IMPACT grant with non-DoD 
funds) were thoroughly analyzed to establish a safe radiation dose for 18-F-PEG6-IPQA as a 
PET imaging agent for tumor detection in preparation for the IN D application for submission to 
FDA. 

We also worked with Dr. Wistuba in Core C on statistical analysis of a num ber of I HC studies 
including EGFR/EGFR ligand expression arising from studies proposed in this grant program. 
The biomarkers analyzed include E GF, Amphiregulin, TG F-alpha, HER2, p-HER3, HE R3, 
EGFR, pEGFR, GRP78, IL11R EphA5, TCF21, STAT1, LCK, DUSP6, EGFR, KRAS, VEGFR, 
and EGFR. 

Key Research Accomplishments 

• Continued to provide statistical support in the clinical trials for Project 1 and DRP-1. 

• Provided statistical support for Projects 2, 3, 4, 6, and Pathology Core. 

• Continued to work closely with the Project 4 (PI: Dr. Reuben Lotan) on synergy studies 
of combination drug treatment in cell lines to determine whether the effect is synergistic, 
additive, or antagonistic. 

• Developed methods and pr ovided codes to c onstruct the confidence i nterval for the 
interaction index for the Emax model with Dr. Lotan in Project 4. Further enhancements 
of es timating the par ameters of the E max model w ere pr ovided by i nterpolation and 
extrapolation to i mprove the m odel c onvergence for c ases w hen the obs erved data 
points do not yield adequate model fit. Sensitivity analysis was implemented for 
checking the model robustness as well. 

• Developed a Bayesian dose-finding trial design with multiple drug combinations (Project 
2 ). 

Conclusions 


Core B continued to provide statistical analysis and data management support for all research 
projects in the IMPACT study. 
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Core C: Pathology Core 

(Director: Ignacio Wistuba, M.D.) 

The IMPACT interdisciplinary research proposal for studying targeted therapy of lung cancers 
has required extensive histopathologic, IHC, and molecular studies of cell and tissues 
specimens, which have been assisted, coordinated or performed by the Pathology Core. One of 
the m ost i important r oles of the P athology C ore has bee n to pr ovide pr ofessional tec hnical 
services for pr oper pr ocurement, s torage and us e of hum an and ani mal ti ssues, as w ell as 
technical assistance for IHC analysis. In addition, the Pathology Core has provided assistance 
for c ollection and ev aluation oft issue specimens i n IM PACT c linical tr ials i n lung c ancer 
patients. 


Aim 1 Develop and maintain repository of tissue, cell and serum specimens from 
patients with lung neoplasia, as requested by the various component projects. 

Summary of Research Findings 

During the current project period, we continued the collection and processing of tissue and cell 
specimens for the IMPACT clinical trials. 

Project 1. For the I MPACT c linical tr ial using er lotinib ( Tarceva R ), c hemotherapy, and 
radiotherapy i n advanced non-small cell lung cancer (NSCLC) patients (Protocol 2 005-1023; 
Principal Investigator: R. Komaki), the Pathology Core assisted in the evaluation of tumor tissue 
specimens of29N SCLC c ases f or bi omarker anal ysis. O f thos e, 15 c ases hav e been 
considered adequate for analysis and the other 6 c ases were previously examined for EGFR 
(exon 18-21) and KRAS (codons 12, 13 and 61) mutations, EGFR copy number by fluorescent 
in situ hybridization (FISH), and EGFR protein (total and phosphorylated [p]) expression by 
immnuhistochemistry (IHC). No EGFR and KRAS mutations were detected in the remaining 8 
cases, and one c ase showed i ncreased EGFR copy num ber ( high pol ysomy) in this set. 
Currently, we are preparing the s amples to c omplete the anal ysis i n the 8 remaining cases. 
Based on preclinical data provided by investigators of Project 1, we will include the analysis of 
the expression by IHC of epithelial-mesenchymal transition (EMT) markers, such as E-cadherin 
and vimentin. 

Project 2. For the IMPACT clinical trial using ZD6474 in NSCLC patients with malignant pleural 
effusion (Protocol 2005-9029; Principal Investigator: C. Jimenez), we have collected, processed, 
and banked specimens from the effusions from 19 patients at baseline and several time points 
(Table 1). Multiple samples have been prepared from those specimens, including the following: 
a) fr ozen c ell pel let; b) for malin-fixed and par affin-embedded ( FFPE) pel lets c ell bl ocks and 
histology sections; c) alcohol-fixed and frozen cell smears; d) cell pellets in RNA later; and, e) 
cell pellets frozen in DMSO 12% (Table 4). 
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Table 4. Number of samples collected and processed from pleural fluid from patients enrolled in the 
IMPACT clinical trial 2005-9029. 


Sample Type 

Time Points Weeks) 

Total 

0 

2 

3 

4 

5 

6 

10 

18 

End 

Supernatant 

40 

32 

2 

2 

2 

10 

6 

2 

2 

98 

Cell Pellets 











Frozen 

32 

6 

8 

0 

0 

6 

8 

0 

0 

60 

RNA Later 

20 

15 

1 

1 

1 

6 

3 

1 

0 

48 

Cell Block 

24 

11 

1 

1 

1 

5 

3 

1 

1 

48 

Smear 

67 

48 

4 

4 

4 

16 

6 

4 

4 

157 


Aim 2 Develop innovative tissue and cell reagents from lung cancer patients for the 
investigation and validation of the molecular endpoints relevant to each 
component project. 

Summary of Research Findings 

The development of new tissue and cell reagents from lung cancer patients was completed in 
2008. These reagents and data are available for future analysis of molecular abnormalities of 
lung cancer, including tissue microarrays (TMA), lung cancer cell lines repository, lung cancer 
heterotransplants (in collaboration with L. Mao), and pleural fluid specimens from lung cancer 
patients (in collaboration with C. Jimenez). In particular, the repository of pleural fluid specimens 
from 120 patients have been ful ly characterized from the cytology standpoint and the clinical 
information has been annotated. 

Aim 3 Process human and animal cell and tissues for histopathological, 
immunohistochemical (IHC) and molecular analyses, including tissue 
microdissection, as required by each component project. 

Summary of Research Findings 

As indicated in the other Aims, most of the collaborations with the IMPACT research projects 
have been c ompleted as r eported pr eviously. The pr eparation an d pr ocessing of ti ssue 
specimens for research projects are described in Aim 4 and includes mostly histopathological, 
IHC, and molecular analysis. 

Aim 4 Perform and evaluate IHC analysis in human and animal cell and tissue 
specimens, as required by the various component projects. 

Summary of Research Findings 

Most of our collaborations with the other IMPACT projects were completed on 2007 and 2008. 
During the current project period we have collaborated with the IMPACT investigators to finalize 
the preparation of manuscripts for publications (see below, a to c). In addition, we have finalized 
most of our own research activities (see below, d to f). 

Completed or published projects during the current project period in collaboration with IMPACT 
research projects. 
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a) Analysis of GRP78, IL-11R and Eph5A markers in human NSCLC tissue specimens 

(Collaboration w ith P roject 3, R . P asqualini). Fr om thi s w ork, tw o m anuscripts ar e i n 
preparation. 

b) Molecular abnormalities (protein expression and methylation) analysis of TCF21 gene 
in NSCLC (Collaboration with Project 6, R. Krahe). From this work, one manuscript is in 
preparation. 

c) Analysis of the IHC expression of angiogenesis-related markers HIF-1a and carbonic 
anhydrase IX (CA IX) in tumor specimens from 330 NSCLC patients using TMAs 

(Collaboration with Project 1, R. Herbst). These data have been shared with Dr. J. Heymach’s 
lab (M.D. Anderson Thoracic/Head and N eck Medical Oncology Department) and have been 
used to expand their in vitro mechanistic work on the r ole of H IF-1a pathway in Iung cancer 
progression and response to therapy. This work was reported last year. 

d) Association of EGFR gene abnormalities with estrogen and progesterone receptors 
expression. A paper by G. Raso et al. was published in 2009 in Clinical Cancer Research. The 
submission of this paper was reported last year. 

e) Characterization of HER family receptors markers and EGFR gene abnormalities in 
NSCLC primary tumors and brain metastasis. A paper by M. Sun et al . was published in 
2009 in Clinical Cancer Research. The resubmission of this paper was reported last year. 

f) Analysis of VEGFA and VEGFR-2 copy number and mutation in NSCLC. In collaboration 
with D r. R. Herbst (Project 1), w e pr eviously s howed that V EGFR and EGFR pat hways ar e 
positively correlated in early stage NSCLC and IHC expression of p-VEGF-R2 is an indicator of 
worse overall survival in stage I-IIIA NSCLC. Recently, we extended our study to characterize 
the frequency of VEGFR2 gene ( KDR ) variations and KDR and VEGF copy number gains in 
NSCLC tumor tissue and correlated with patients’ clinicopathologic features, including outcome. 
We extracted DNA from microdissected tissues obtained from 200 surgically resected NSCLCs. 
KDR single nucleotide polymorphisms (SNP) 889G/A (rs2305948), 1416A/T (rs1870377), and - 
37A/G (rs2219471) were genotyped by PCR-based sequencing. KDR and VEGF genecopy 
numbers w ere ex amined by r eal-time quanti tative P CR. Turn ors ections were 
immunohistochemically s tained an d anal yzed for pr otein expression of V EGFR2, V EGF, and 
CD34 for m icrovascular density (MVD). NSCLC patients with KDR 1416 AT/TT variant 
genotypes had significantly better overall survival (OS; hazard ratio [HR] = 0.56; P = 0.035) than 
did patients with the wild-type KDR 1416 AA genotype. NSCLC patients who were treated with 
adjuvant chemotherapy and w ho h ad the KDR 1416 AT/TT (P = 0.01 5) or -37AG/GG(P = 
0.029) variant genotypes showed significantly better OS than did the rest of the pat ients in the 
study population. KDR and VEGF gene copy gains were detected in 34 (37%) and 2 (2%) of 91 
NSCLC tumors, respectively. KDR gene copy gain was associated with a worse OS in NSCLC 
patients (HR= 2.96; P = 0.004). Furthermore, tumors with KDR gene copy gain had significantly 
higher VEGFR2 expression, lower VEGF expression, higher MVD, and larger vessel areas than 
did turn ors I acking KDR gene copy gai n. O ur fi ndings suggest an as sociation between KDR 
SNP genotypes and s urvival i n NSCLC pati ents, i ncluding thos e pati ents receiving adj uvant 
chemotherapy. KDR copy number gain was frequently identified in NSCLC and was associated 
with a worse survival in these patients, and with tumors’ increased angiogenesis. From this 
work, an abstract was presented as poster in the 13 th World Lung Cancer Conference (IASLC), 
San Diego, CA (July 31-August 4, 2009). 
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g) Role of NKX2-1 (TITF-1) gene amplification and protein overexpression in lung cancer 
and its association with EGFR abnormalities. Following our data i ndicating that NKX2-1 
amplification by FIS H correlated with outc ome i n pati ents w ith NSCLC, i ncluding bot h 
adenocarcinoma and squamous cell carcinoma histology, we have expanded our initial 
observation to a I arger s et of N SCLC c ases and es tablished a D NA q -PCR methodology for 
analysis of NKX2-1 copy number analysis. This work was presented as a platform presentation 
in the 100 A nnual AACR Meeting, Denver, CO (April 1 8-22, 2009). We have al so investigated 
the role of NKX2-1 methylation in the silencing of expression in squamous cell carcinomas of 
the lung (presented as a poster in the IASLC in 2009). A manuscript with all these data is in the 
final stages of preparation and it will be submitted in March 2010 by X. Tang and H. Kadara et 
al. 

h) EGFR and HER2 copy analysis by FISH in tumor specimens from NSCLC patients, and 
correlation with EGFR and KRAS mutations and patients’ clinicopathologic features. 

During the last year we performed the statistical analysis of the gene copy number by FISH of 
these two genes in a large series of NSCLC (n=330) tumors. Data from the preliminary analysis 
were presented as a poster discussion at the IASLC in 2009, and a manuscript is in preparation 
by Sun et al. 

Key Research Accomplishments 

• Maintained a large repository of I ung cancer tissue, cytology, and cell lines specimens 
with annotated clinical data, to be utilized for research projects and clinical trials. 

• Maintained a series of lung cancer heterotransplants in mice in collaboration with Project 
6 . 

• Characterized the m olecular abno rmalities of VEGF and KDR (VEGFR2) genes i n 
NSCLC, including the identification of high frequency of KDR copy number gain (-30%) 
in tumors. 

• Published 2 papers in a prestigious peer-reviewed journal (Clinical Cancer Research) on 
the characterization of EGFR-related abnormalities in NSCLC brain metastasis and on 
the expression of ER expression in EGFR-mutant and wild-type tumors. 

• Presented 4 abstracts at scientific meetings: one at the 2 009 AACR annual m eeting, 
three at the 13 th IASLC World Lung Cancer Conference (IASLC), and with an additional 
abstract to be presented at the 2010 AACR annual meeting. 

Conclusions 


The Pathology Core has assisted and c ollaborated actively with several research projects to 
perform multiple histopathological, immunohistochemical, and genetic studies in a large series 
of lung cancer tissue, including the collection and processing of prospectively collected samples 
from two ongoing clinical trials. In addition, the Pathology Core has managed to complete and 
publish several research activities, which fully integrate with some of the IMPACT research 
projects. The Pathology Core has successfully fulfilled the goals proposed for the fi fth year of 
the IMPACT program. 
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Core D: Imaging Core: Provide Imaging Support for IMPACT Projects 

(PI and co-PI: Juri Gelovani, M.D., Ph.D.; Chun Li, Ph.D.) 

Summary of Research Findings 

As reported in the last annual report, Core D completed the work proposed for Projects 2 and 3 
related to the development and e valuation of s tandard operating procedures and c hemistry, 
manufacturing, and control sections of the INDs for the Phase I clinical studies with the novel 
agents explored in those projects. The final results of these studies are described in the reports 
for P rojects 2 and 3. The contracted G LP s tudies on tox icology of F -PEG6-IPQA were 
performed by the Charles River Laboratories (MA) as also reported in Project 2. 

As C ore D s ervices w ere no I onger r equired by the Projects, w e hav e w orked to as sist 
investigators i n pr eparing any r elated publ ications and grant s ubmissions bas ed on w ork 
performed in the core over the past year. 

Key Research Accomplishments 

• Completed microPET/CT imaging (and autoradiography) studies in mice with orthotopic 
models of different NSCLC using 18 F-PEG6-IPQA in Project 2. 

• Completed microPET imaging studies for Project 3. 

• Completed synthesis and 64 Cu/ 111 ln radiolabeling of novel cyclic nanopeptides for animal 
imaging studies in Project 3. 

Conclusions 


The Imaging Core provided and completed highly specialized imaging support as requested by 
the project leaders of IMPACT for their designated research projects. 


DRP-1: Treatment of Malignant Pleural Effusion with ZD6474, a Novel VEGFR and EGFR 
TK Inhibitor 

(PI and co-PI: Roy Herbst, M.D., Ph.D., Carlos Jimenez, M.D.) 

Aim 1 To determine clinical effect of ZD6474. 

Aim 2 To investigate biological correlates. 

Aim 3 To investigate radiographic correlates. 

Aim 4 To assess quality of life. 


Summary of Research Findings 

The am ended single ar m, open-label study to ev aluate the eff icacyofZD 6474 on th e 
management of pleural effusion in NSCLC patients was activated in June of 2007. 

To date, 27 patients have been enrolled. Eight patients are excluded from analysis: 

• Seven patients did not receive medication: 

• Non-compliance (1) 
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• Benign pleural effusion (2) 

• Non-amenable for intrapleural catheter (IPC) placement (3) 

• Renal dysfunction (1) 

• One patient was not evaluable due to placement of a defective intrapleural catheter. 

Best response 

• Twelve patients had stable disease 

• One patient had partial response 

• Four patients had disease progression 

• One patient had treatment failure due to emphysema 

• One patient enrolled recently with no information 
Days with intrapleural catheter in place 

Ten patients have had thei r intrapleural catheters removed within 28 days after insertion. The 
last patient still has the intrapleural catheter in place after 126 days. 

Related adverse events 

One patient stopped the medication at week 6 after developing neurological symptoms and 
hyponatremia. One patient with a defective intrapleural catheter was excluded from the study at 
week 6. O ne patient stopped the medication at week 7 d ue to recurrence of QTc prolongation 
after dose reduction. One patient has the IPC dislodged on day 15, and the IPC was later 
removed on day 23 due to emphysema. 

Correlative studies 

In collaboration with Dr. Wistuba, Core C Director, we have been collecting pleural effusion 
specimens including cryopreserved cell pellets, supernatants, FFPE blocks, smears, and RNA 
for correlative studies (see Table 2, C ore C). I n addition, serial pleural fluid collection often 
patients with NSCLC and intrapleural catheters not r eceiving ZD6474, will be an alyzed as a 
control group. 

Key Research Accomplishments 

• Enrolled 27 patients to the clinical trial. 

• Collected s pecimens for c orrelative anal yses fr om al I pati ents (4 pi eural fl uid s amples 
and four blood samples per patient). 

Conclusions 


We continue to focus efforts on completing accrual of patients to the trial, and all analyses will 
be performed after the trial is completed. 
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DRP-2: TALK - Teens and Young Adults Acquiring Lung Cancer Knowledge 

(PI: Alexander V. Prokhorov, M. D., Ph.D.) 

Ninety percent of lung cancer cases in adults are direct results of smoking. In children and 
young adults, tobacco use remains a major public health problem in spite of the recent declines 
in smoking prevalence among children and adolescents. Over the past 2-3 decades, numerous 
factors of smoking initiation among adolescents have been thor oughly i nvestigated. A 
considerable volume of literature is currently available providing important clues with respect to 
designing tobacco prevention and cessation among youth. 

Focusing on this major public health problem - tobacco use among young individuals and lack 
of in-depth knowledge of lung cancer issues - Project TALK (Teens and Young Adults Acquiring 
Lung Cancer Knowledge) was conceived and funded as a s moking cessation/prevention pilot 
project for c ulturally diverse hi gh-risk y oung popul ations that i nclude s chool dr op-outs, 
economically disadvantaged, and underserved. Using modern technologies, the Departments 
of Behavioral Science and Thoracic/Head & Neck Medical Oncology have joined their efforts to 
conduct this developmental project under the I eadership of Dr. Alexander V. Prokhorov. The 
project will assist in making major advances in lung cancer education and prevention among 
youth. Project TALK will produce a CD-ROM-based education/behavior change for teenagers 
and young adults (15-24 years of age). 

We have thus been devoting our effort in 4 tasks as described in the Statement of Work based 
on the project timeline: 

Aim 1 Develop intervention program. Focus groups will be held with adolescents and 
young adults to ensure we are capturing the essence of the program, using the right 
messages, and employing the appealing video and animated characters. (Years 1-2) 

Summary of Research Findings 

This aim was completed and summarized in previous reports. 

Aim 2 Develop and beta-test CD-ROM. This i ncludes the des ign of the ani mation, 
illustrations, scripts and accompanying videos. (Years 1-2) 

Summary of Research Findings 

This aim was completed and summarized in previous reports. 

Aim 3 Implement program in agreed upon locations and recruit young adults to 
participate in the study. (Years 3-4) 

Summary of Research Findings 

This aim was completed and summarized in previous reports. 

Aim 4 Collect and analyze data. (Years 3-4) 

Summary of Research Findings 

This aim was completed and summarized in previous reports. 

Melissa Kaime, MD, CAPT, MC, USN, Deputy Director of the Peer Reviewed Medical Research 
Program encouraged Dr. Alexander Prokhorov to apply for a Peer Reviewed Medical Research 
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Program grant after seeing the “ Escape with Your Life” educational video game developed in 
Project TALK. In April 2009, D r. Prokhorov was awarded a Peer Reviewed Medical Research 
Program grant of $3.7 million to develop a tobacco prevention and cessation video game 
intervention for U.S. service members at Fort Hood, TX, based on the “Escape with Your Life” 
prototype. Of 40 nutr ition and heal th promotion proposals submitted, Dr. Prokhorov was the 
only i nvestigator to r eceive D oD f unding for thi s pur pose. This new s tudy i s ti tied “ Project 
COMBAT,” and video game development is well underway after conducting a s ite visit to Fort 
Hood in May 2009. 

In addition, Dr. Prokhorov and colleagues were invited to attend and present at the Military 
Health R esearch For urn i n K ansas C ity, M O on S eptember 3, 2009. The pr esentation, 
“Behavioral Therapies for Tobacco C ontrol” i ncluded an i ntroduction to tobacco use i n the 
military, a description of Project TALK’S “Escape With Your Life” video game and an overview of 
Project COMBAT. 

Key Research Accomplishments 

• Completed all proposed aims. 

• Received a P eer Reviewed Medical Research Program award for $3,700,000 for an 
expanded Project TALK-based research program. 

• Conducted a site visit to Fort Hood, TX to collect data for the new “Escape With Your 
Life” video game. 

Conclusions 


This project was completed as reported in the previous annual report. We have used the results 
from this project to obtain new funding for the “Project COMBAT” research that began i n April 
2009. We hope to continue to make major advances in lung cancer education and prevention 
among youth. 


Career Developmental Project (CDP1): Identification of Membrane Proteins in Bronchial 
Epithelia Cells as Biomarkers of Early Detection for Lung Cancer 

(PI: Ja Seok Peter Koo, Ph.D.) 

Lung cancer is the leading cause of cancer deaths. Early detection of the malignant lesion leads 
to an improved 5-year survival rate after surgical resection. Therefore, advanced screening tools 
are needed urgently to detect lung cancer at a n early stage to i mprove control of such deadly 
lung cancer. 

It should be noted that Dr. Kang relocated to another institution after the beginning of the current 
project period. Dr. Ja Seok Koo has been appointed by the IMPACT Principal Investigator, Dr. 
Waun Ki Hong, to assume ongoing research of this project. 

Aim 1 To isolate membrane proteins uniquely expressed on the surface of squamous 
metaplasia using organotypically cultured bronchial epithelial cells. 

Summary of Research Findings 

This aim was completed as reported in the previous annual report. 
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Aim 2 To identify differentially represented proteins using proteomics. 

Summary of Research Findings 

The goal of this study is to identify and characterize cell surface markers specific for lung cancer 
cells, as these proteins have strong potential for novel diagnostic and therapeutic biomarkers. 
Our pr evious attem pt to i dentify 
membrane pr oteins s pecific for 
cancer cells was not successful. 

Several te chnical i ssues w ere 
involved. H ere, w e r epeated 2D - 
Proteomics M ass s pectrometry 
analysis of the two protein spots 
(indicated b y r ed ar rows i n the 2D 
gel) using optimized new conditions 
(Figure 18). After extensive 
database s earching, w e found tha t 
the protein in the lower spot turn out 
to be an unk nown pr otein and 
identified th e pr otein i n the upper 
spot as a receptor for activated 
kinase C (RACK1). 

RACK1 is a cytosolic membrane protein and also known as lung cancer oncogene 7 and PIG21 
(proliferation-inducing gene 21). Its official gene name is GNB2L1 (guanine nucleotide binding 
protein (G protein), beta polypeptide 2-like 1). 

RACK1 was originally identified as an anchoring protein for protein kinase C |3 (PKC |3), which it 
stabilizes i n the ac tive s tate and anc hors to m embranes or func tional s ites. R ACK1 al so 
interacts with several other important signaling proteins including the Src kinase family, integrin 
pi, - p2, -p3, and p5, beta-spectrin and dynamin, RasGAP, the androgen receptor, insulin-like 
growth factor 1 r eceptor (IGF-lr), E pstein-Barr virus trans-activator protein BZLF1, p73, and 
pRB. This interaction suggests that RACK1 may act as an anchor or adaptor protein, recruiting 
other proteins to various transmembrane receptors, providing a platform for protein-protein 
interactions and acting as the focus for several cell-signaling pathways. Accordingly, a number 
of cellular functions have been attributed to RACK1, such as cell growth, adhesion, protrusion 
and c hemotactic m igration. R ACK1 may also contribute t o angi ogenesis and tu mor gr owth, 
since it was shown to b e up-regulated during angiogenesis in vitro and in vivo , and was also 
expressed in tumor angiogenesis. RACK1 expression was higher in human non-small cell lung 
and colon carcinomas than in the corresponding normal tissues. 

Recent studies [7] also showed that RACK1 is up-regulated in oral squamous carcinoma, and 
linked to clinical invasiveness and metastasis. In addition, elevated RACK1 expression predicts 
poor clinical outcome in oral squamous carcinoma, similar to Ki67 [8], These studies suggest 
thatRACKI is a poten tial bi omarker for prognosis and a ther apeutic tar get for squamous 
carcinoma. We will determine whether RACK1 expression is altered (overexpressed) in lung 
cancer cells using Western blot analysis. In the meantime, we are collecting samples of various 
NSCLC cell lines, and the samples will be used for verification of the expression of RACK1. We 
are aiming to collect samples of at least 30 d ifferent genetically certified lung cancer cell lines. 
Specificity of R ACK1 expression w ill al so be deter mined by i mmunohistochemical anal ysis 
using tissue slides. 


NHTBE H226 



Figure 18. 2-Dimensional el ectrophoresis an alysis of 
membrane proteins differentially expressed in N HTBE 
(normal) and H226 squamous cell carcinoma of lung. 
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Aim 3 To verify the differentially represented proteins using PCR, Western blotting, 
and immunocytochemistry. 

Summary of Research Findings 

Work on this Aim was dependent upon further verification of the results gained in Aim 2 on the 
differentially expressed membrane proteins. We will begin these studies to confirm the 
represented proteins using real-time PCR, Western blotting analysis, and immunohistochemical 
staining during the next project period following our request for an unfunded cost extension. 

Key Research Accomplishments 

• Demonstrated that RACK1 (receptor for activated kinase C ) may act as an anchor or 
adaptor pr otein to r ecruit other pr oteins to v arious tr ansmembrane r eceptors and 
provide a platform for protein-protein interactions. 

• Obtained viable results on di fferentially expressed membrane proteins, and w ill begin 
Aim 3 during the next project period. 

Conclusions 


Two Dimensional-PAGE and Proteomics Mass spectrometry (HPLC-MS-MS) analysis of the two 
protein spots that are uniquely expressed in squamous cell carcinoma cell lines identified the 
spots as a receptor for activated kinase C (RACK1) and one unknown protein. As a result, 
RACK1 is proposed as a biomarker to detect squamous cell carcinoma. Further characterization 
is underway and will be illustrated in the next progress report. 
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KEY RESEARCH ACCOMPLISHMENTS 


Project 1: Targeting epidermal growth factor receptor signaling to enhance response of 
lung cancer to therapeutic radiation. 

■ Enrolled 38 patients onto the erlotinib (Tarceva) plus radiotherapy for locally advanced 
NSCLC trial, and completed evaluation of 30 of these patients for response and toxicity. 

■ Discovered the r elationship bet ween the epithelial-to-mesenchymal tr ansition and 
radiosensitivity of NSCLC cells (preclinical data). 

■ Demonstrated that pr etreatment with gefitinib exerts a r adioprotection of H 1299-CDH1 
cells. 

■ Demonstrated that s mall m olecule i nhibitors of both c -Met and IG F-1R pr oduce a 
significant radiosensitizing effect on NSCLC cells. 

■ Completed an assessment of the c ombination of er lotinib (Tarceva) and r adiation in a 
NSCLC xenograft tumor model. 

Project 2: Molecular imaging of EGFR expression and activity in targeted therapy of lung 
cancer 


• Contracted for the IND-driven GLP toxicology study of 18 F-PEG6-IPQA in rats, which 
was completed in this last funded period, enabling us to move the agent into clinical trial. 

• Completed Phase I clinical protocol development. This protocol has been reviewed and 
approved by the D epartment of N uclear Medicine where trial will be c onducted, and is 
now pending IRB approval. 

• Developed an automated manufacturing process that complies with cGMP based on the 
lab m anual pr ocess. Wi th thi s cGMP pr oduction, w e are abl e to pr oduce F DA- 
acceptable imaging agent to be used in the clinical phase I trial. 

• Wrote the Investigational Drug Application (IND) to be submitted to FDA for approval to 
conduct the phase I trial. 

• Two manuscripts (on studies in mice and non-human primates) are in the final stages of 
preparation for publication. 

Project 3: Targeted peptide-based systemic delivery of therapeutic and imaging agents to 
lung tumors 

• Used labeled targeted peptide motifs themselves as imaging tools. 

• Demonstrated that AAVP-based molecular-genetic imaging appears to be superior to 
FDG in side-by-side comparisons for predicting therapeutic response. 

• Designed and dev eloped nanote chnology-based (i.e., bottom -up, self-assembled) 
biocompatible networks of phage-gold as nanotechnology-based molecular sensors and 
reporters. 

Project 4: Inhibition of bFGF Signaling for Lung Cancer Therapy 

• Discovered that blocking the FGFR1 signaling by DNFR1 leads to inhibition of cell 
growth by blocking cells at the G2 phase of the cell cycle through decreased expression, 
phosphorylation, and kinase function of p34c dc2 combined with increased Weel, and 
the cyclin-dependent kinase inhibitors p21 and p27. 
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• Determined that Geldanamycin inhibits the growth of I ung cancer cells by a G2/M block 
and by a m echanism th at i n part e mulates the bl ocking of FG FR s ignaling by D NFR1 
expression. 

• Demonstrated the ability of bFGF to increase Hsp90 level and the ability of the Hsp90 
inhibitor G eldanamycin to i nhibit F GF s ignaling, suggesting that H sp90 i s a p ositive 
mediator of FGF effects. 

Project 5: Targeting mTOR and Ras signaling pathways for lung cancer therapy 

• Demonstrated that concurrent treatment with rapamycin and LY294002 is more effective 
than sequential treatments with either rapamcyin followed with LY294002 or LY294002 
followed by rapamcyin in inhibiting the growth of cancer cells. 

• Discovered that the c ombination of sub-optimal concentrations of RAD001 and B EZ235 
exhibited synergistic effects on inhibiting the growth of the lung cancer cells evaluated. 

• Enrolled a total of 11 patients to the study, including one patient on the control arm. 

Core B: Biostatistics & Data Management Core 

• Continued to provide statistical support in the clinical trials for Project 1 and DRP-1. 

• Provided statistical support for Projects 2, 3, 4, 6, and Pathology Core. 

• Continued to work closely with the Project 4 (PI: Dr. Reuben Lotan) on synergy studies 
of combination drug treatment in cell lines to determine whether the effect is synergistic, 
additive, or antagonistic. 

• Developed methods and pr ovided codes to c onstruct the confidence i nterval for the 
interaction index for the Emax model with Dr. Lotan in Project 4. Further enhancements 
of estimating the par ameters of the E max model were provided by interpolation and 
extrapolation to i mprove the m odel c onvergence for c ases w hen the obs erved data 
points do not yield adequate model fit. Sensitivity analysis was implemented for 
checking the model robustness as well. 

• Developed a Bayesian dose-finding trial design with multiple drug combinations (Project 

2 ). 

Core C: Pathology Core 

• Maintained a large repository of I ung cancer tissue, cytology, and cell lines specimens 
with annotated clinical data, to be utilized for research projects and clinical trials. 

• Maintained a series of lung cancer heterotransplants in mice in collaboration with Project 
6 . 

• Characterized the m olecular abno rmalities of VEGF and KDR (VEGFR2) genes i n 
NSCLC, including the identification of high frequency of KDR copy number gain (-30%) 
in tumors. 

• Published 2 papers in a prestigious peer-reviewed journal ( Clinical Cancer Research) on 
the characterization of EGFR-related abnormalities in NSCLC brain metastasis and on 
the expression of ER expression in EGFR-mutant and wild-type tumors. 

• Presented 4 abstracts at scientific meetings: one at the 2 009AACR annual m eeting, 
three at the 13 th IASLC World Lung Cancer Conference (IASLC), and with an additional 
abstract to be presented at the 2010 AACR annual meeting. 
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Core D: Imaging Core 

• Completed microPET/CT imaging (and autoradiography) studies in mice with orthotopic 
models of different NSCLC using 18 F-PEG6-IPQA in Project 2. 

• Completed microPET imaging studies for Project 3. 

• Completed synthesis and 64 Cu/ 111 ln radiolabeling of novel cyclic nanopeptides for animal 
imaging studies in Project 3. 

DRP-1: Treatment of Malignant Pleural Effusion with ZD6474, a Novel VEGFR and EGFR 

TK Inhibitor 

• Enrolled 27 patients to the clinical trial. 

• Collected s pecimens for c orrelative anal yses fr om al I pati ents (4 pi eural fl uid s amples 
and four blood samples per patient). 

DRP-2: TALK - Teens and Young Adults Acquiring Lung Cancer Knowledge 

• Completed all proposed aims. 

• Received a P eer R eviewed M edical R esearch P rogram a ward for $3,700,000 for the 
Project TALK research program. 

• Conducted a site visit to Fort Flood, TX to collect data for the new “Escape With Your 
Life” video game. 

CDP1: Identification of Membrane Proteins in Bronchial Epithelia Cells as Biomarkers of 

Early Detection for Lung Cancer 

• Demonstrated that RACK1 (receptor for activated kinase C ) may act as an anchor or 
adaptor pr otein to r ecruit other pr oteins to v arious tr ansmembrane r eceptors and 
provide a platform for protein-protein interactions. 

• Obtained viable results on di fferentially expressed membrane proteins, and w ill begin 
Aim 3 during the next project period. 
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REPORTABLE OUTCOMES 


Publications (attached in Appendix): 

2008 Publications Previously Reported without PMID Numbers : 

Behrens C, Lin HY, Lee J J, Raso MG, Hong WK, Wistuba II, Lotan R. Immunohistochemical 
expression of basic fibroblast growth factor and fibroblast growth factor receptors 1 and 2 in the 
pathogenesis of I ung cancer. Clinical Cancer Research. 2008 O ct 1 ;14( 19):6014-22. PMID: 
18829480. 

Cardo-Vila M, Zurita AJ, Giordano RJ, Sun J, Rangel R, Guzman-Rojas L, Anobom CD, Valente 
AP, Almeida FC, Lahdenranta J, Kolonin MG, Arap W, Pasqualini R. A ligand peptide motif 
selected from a cancer patient is a receptor-interacting site within human interleukin-11. PLoS 
ONE. 2008;3(10):e3452. PMCID: PMC2565473. 

Colella S, Richards KL, Bachinski LL, Baggerly KA, Tsavachidis S, Lang JC, Schuller DE, Krahe 
R. Molecular signatures of metastasis in head and neck cancer. Head & Neck. 2008 
Oct;30(10): 1273-83. PMID: 18642293. 

Ozawa MG, Zurita AJ, Dias-Neto E, Nunes DN, Sidman RL, Gelovani JG, Arap W, Pasqualini 
R. Beyond receptor ex pression levels: the r elevance of ta rget ac cessibility i n I igand-directed 
pharmacodelivery systems. Trends in Cardiovascular Medicine. 2008 May;18(4):126-32. PMID: 
18555185. 

Staquicini F I, TandleA , Libutti S K, Sun J, Zigler M , Bar-Eli M , Aliperti F , Perez E C, 
Gershenwald JE, Mariano M, Pasqualini R, Arap W, Lopes JD. A subset of host B lymphocytes 
controls melanoma metastasis through a melanoma cell adhesion molecule/MUCI8-dependent 
interaction: evidence from mice and hum ans. Cancer Research. 2008 Oct 15;68(20):8419-28. 
PMCID: PMC2718575. 

Tang X, Varella-Garcia M , Xavier AC, M assarelli E , Ozburn N , M oran C , Wi stuba II. E GFR 
Abnormalities i n the P athogenesis and P rogression of Lung A denocarcinomas. Cancer 
Prevention Research. 2008 Aug;1(3):192-200. PMID: 19138956. 

Wang X, Hawk N, Yue P, Kauh J, Ramalingam SS, Fu H , Khuri FR, S un S-Y. Overcoming 
mTOR inhibition-induced paradoxical activation of survival signaling pathways enhances mTOR 
inhibitors’a nticancer e fficacy. Cancer Biology & Therapy. 2008 D ec;7(12):1952-8. PMCID: 
PMC2762753. 

Wang X, Yue P, Kim YA, Fu H, Khuri FR, Sun SY. Enhancing mammalian target of rapamycin 
(mTOR)-targeted cancer therapy by preventing mTOR/raptor inhibition-initiated, mTOR/rictor- 
independent Akt ac tivation. Cancer Research. 2008 Sep 15;68( 18):7409-18. PMCID: 
PMC2562339. 

Zhang S, Schafer-Hales K, Khuri FR, Zhou W, Vertino PM, Marcus Al. The tumor suppressor 
LKB1 regulates I ung cancer cell polarity by mediating cdc42 recruitment and ac tivity. Cancer 
Research. 2008 Feb 1 ;68(3):740-8. PMID: 18245474. 
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2009 -2010 Publications: 


Giordano RJ, Cardo-Vila M , Salameh A , Anobom C D, Zeitlin B D, Hawke DH , ValenteAP, 
Almeida FC, Nor JE, Sidman RL, Pasqualini R, Arap W. From combinatorial peptide selection 
to dr ug pr ototype ( I): Targeting the v ascular endothel ial gr owth fac tor r eceptor pathw ay. 
Proceedings National Academy of Science USA. 2010 Feb 26. PMID: 20190181 

Kong M , L ee J J. A pplying E max model and Bivariate T hin P late S plines to A ssess D rug 
Interactions. Frontiers in Biosciences, (Elite Ed). 2010 Jan 1 ;2:279-92.PMID: 20036878. 

Lee JJ, Lin HY, Liu DD, Kong M. Applying Emax model and interaction index for assessing drug 
interaction in combination s tudies. Fr ontiers i n B iosciences, ( Elite E d) 2010 Jan 1;2:582 - 
601.PMID: 20036904. 

Lewis V O, Ozawa MG , Deavers M T, Wang G , Shintani T , Arap W , Pasqualini R . The 
interleukin-11 receptor alpha as a candidate ligand-directed target in osteosarcoma: consistent 
data from cell lines, orthotopic models, and human tumor samples. Cancer Research. 2009 Mar 
1;69(5):1995-9. Epub 2009 Feb 24. PMID: 19244100. 

Raso MG, Behrens C, Liu S, Prudkin L, Ozburn NO, Woods DM, Tang T, Mehran RJ, Moran C, 
Lee JJ, and Wistuba I. Immunohistochemical expression of estrogen and progesterone 
receptors i dentifies a s ubset of non -small c ell I ung c arcinomas and c orrelates w ith EGFR 
mutation. Clinical Cancer Research 2009 Sep 1 ;15(17):5359-68. PMID: 19706809. 

Richards KL, Zhang B, Baggerly KA, Colella S, Lang J C, Schuller DE, and Krahe R. Genome¬ 
wide hy pomethylation i n head and neck cancer i s m ore pr onounced i n H PV-negative turn ors 
and is associated with genomic instability. PLoS One 2009;4(3):e4941. PMCID: PMC2654169. 

Sun S, Behrens C, Feng L, O zburn N, Tang X, Yin G, Komaki R, Varella-Garcia M, Hong WK, 
Aldape KA, and Wistuba I. HER family receptor abnormalities in lung cancer brain metastases 
and c orresponding pr imary tu mors. Clinical Cancer Research 2009 A uq 1;15( 15):4829-37. 
PMID: 19622585. 

WangX, Sun SY. Enhancing mTOR-targeted cancer therapy. Expert Opinion on Therapeutic 
Targets 2009 Oct;13(10):1193-203. PMCID: PMC2810099. 

Manuscripts submitted, in revision, or in review 

Richards KL, Zhang B, Sun M, Dong W, Churchill J, Biachinski LL, Yin G, Hayes DN, Wistuba II, 
Krahe R. Methylation of the candidate biomarker TCF21 is very frequent across a spectrum of 
early stage non-small cell lung cancers. In Revision. 

Abstracts (attached in Appendix)\ 

Tang X, Liu D, Behrens C, He D, Sun M, Rice D, Lee JJ, Hong WK, Wistuba II. TITF-1 and 
EGFR gene copy variations are associated with prognosis for the patients with non-small cell 
lung cancer. Proceedings of the 100 th Annual Meeting of the American Association for Cancer 
Research; 2009 Denver, CO. Abstract 3841. 
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Tang X, Yang F,Huang J,Woods D, Corvalan A, Wistuba II. TITF-1 Protein Expression 
Associates with Gene Methylation and Gene Copy Gain in Non-Small Cell Lung Carcinoma. 13 th 
World Lung Cancer Conference, IASLC, San Francisco, California, July-August, 2009. 

Yang F, Tang X, Corvalan A, Behrens C, Lin H, Raso MG, Lee JJ, Minna JD, Wistuba II. 
Analysis of C opy Number G ain of VEGF and VEGFR2/KDR in N on-Small C ell Carcinoma 
(NSCLC) Cancer Cell Lines and Primary Tumors. 13 th World Lung Cancer Conference, IASLC, 
San Francisco, California, July-August, 2009. 
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CONCLUSIONS 

Project 1: We conclude that the epithelial-to-mesenchymal transition (EMT) plays a significant 
role in governing not just the intrinsic radiosensitivity of NSCLC cells, but also their sensitivity to 
inhibitors of the epi dermal growth factor receptor (EGFR) and the abi lity of s uch i nhibitors to 
radiosensitize these cells. It would be useful to assess the EMT status of patients treated with 
these combinations. In spite of this finding, results suggest that such combinations might be 
useful in the clinic. In addition, we conclude that targeting other growth factor receptors such as 
the c-Met and IG-F1R receptors may be an alternative strategy to using EGFR inhibitors. 

Project 2: Development of 18 F-PEG6-IPQA for the pr oposed clinical tr ial has been largely 
completed. We w ill next pursue IRB and FDA approval of the protocol and IN D, respectively, 
before initiating the c linical phase I trial, which is anticipated during the next unfunded per iod 
(no-cost extension). 

Project 3: The central working hypothesis in our program is that differential protein expression 
in the hum an v ascular endothel ium as sociated w ith I ung c ancer o ffers the p otential for 
developing novel di agnostic, imaging, and the rapeutic strategies. In essence, c ombinatorial 
library selections (peptide- and antibody-based) are leveraged to discover, validate, and exploit 
the vascular biochemical diversity of endothel ial cell surfaces towards a new vascular-targeted 
pharmacology. Such targeting technologies may lead to the development of ligand-directed 
agents for application in the tr eatment of c ancer patients. Translational applications, such as 
first-in-human clinical trials, have now began within the institution, as the Food and Drug 
Administration (FD A) has r ecently gr anted a “safe-to-proceed” s tatus for the fi rst v ascular- 
targeted Investigational New Drug, discovered, developed and bei ng evaluated in patients at 
MDACC. Such trials will ultimately determine the value of this strategy. Two other drugs are in 
pre-IND stage and several others in pre-clinical laboratory phase. Long-term, the broader vision 
of the research i s a I arge-scale m apping of r eceptors i n human vasculature towards a new 
ligand-directed pharmacology. 

Project 4: Our results indicate that the adenoviral vector containing a dominant negative FGFR1 
receptor construct, which inhibits FGFR signaling, could potentially be useful for treatment of lung 
cancer in vivo. Studies targeting lung cancer with this adenoviral construct are warranted. Such 
studies could focus on adenovirus delivery by inhalation using an aerosolized preparation. In 
terms of understanding FGFR signaling, our studies highlighted an important role for Hsp90 as a 
downstream mediator of FG F effects. Thi s suggests that combined targeting of F GFR signaling 
(e.g., by AdVDNFRI) and Hsp90 function (e.g., by Geldanamycin or other Hsp90 inhibitors) could 
provide additive or synergistic efficacy. 

Project 5: During the previous project period, we continued to ev aluate whether the effect of 
mTOR inhibitors on the growth of hum an NSCLC cells is enhanced in the presence of a P I3K 
inhibitor or aM APK i nhibitor. We dem onstrated that the c ombination of s ub-optimal 
concentrations of RAD001 and BEZ235 exhibited synergistic effects on inhibiting the growth of 
the lung cancer cells and that the combination of RAD001 and BEZ235 was more effective than 
sequential combination treatment in inhibiting the growth of cancer cells. The fi ndings confirm 
the feasibility of conducting ‘window of opportunity’ studies as a novel mechanism to understand 
the molecular effects on targeted agents on the tumor tissue. We continued to enroll patients to 
the RAD001 trial to investigate the effect of this drug in operable NSCLC patients and to identify 
molecular determinants of RAD001 sensitivity and prognosis. 

Project 6: This project was completed as reported in the previous annual report. 
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Biostatistics Core: Core B continued to pr ovide statistical analysis and data management 
support for all research projects in the IMPACT study. 

Pathology Core: The Pathology Core has assisted and collaborated actively with several 
research projects to perform multiple histopathological, immunohistochemical, and genetic 
studies in a large s eries of I ung cancer ti ssue, i ncluding the c ollection and processing of 
prospectively collected samples from two ongoing clinical trials. In addition, the Pathology Core 
has managed to complete and publish research activities, which fully integrate with some of the 
IMPACT research projects. The Pathology Core has successfully fulfilled the goals proposed for 
the fifth year of the IMPACT program. 

Imaging Core: The Imaging Core provided and completed highly specialized imaging support 
as requested by the project leaders of IMPACT for their designated research projects. 

DRP-1 : We c ontinue to foe us effor ts on c ompleting ac crual of pati ents to the tr ial, and al I 
analyses will be performed after the trial is completed. 

DRP-2: This project was completed as reported in the previous annual report. We have used 
the results from this project to obtain new funding for the “Project COMBAT” research that 
began in April 2009. We hope to continue to make major advances in lung cancer education 
and prevention among youth. 

CDP1: Two Dimensional-PAGE and Proteomics Mass spectrometry (HPLC-MS-MS) analysis of 
the tw o pr otein s pots t hat ar e uni quely ex pressed in s quamous c ell c arcinoma c ell I ines 
identified the spots as a receptor for activated kinase C (RACK1) and one unknown protein. As 
a result, RACK1 is pr oposed as a bi omarkerto detec t squamous c ell c arcinoma. Further 
characterization is underway and will be illustrated in the next progress report. 
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Immunohistochemical Expression of Basic Fibroblast Growth 
Factor and Fibroblast Growth Factor Receptors 1 and 2 in 
the Pathogenesis of Lung Cancer 

Carmen Behrens, 1 Heather Y. Lin, 2 J. Jack Lee, 2 Maria Gabriela Raso, 3 Waun Ki Hong, 1 
Ignacio I. Wistuba, 1 ' 3 and Reuben Lotan 1 


Abstract Purpose: To identify the patterns of protein expression of basic fibroblast growth factor (bFGF) 
and FGF receptors 1 and 2 in non-small cell lung carcinoma (NSCLC) and their role in the early 
pathogenesis of squamous cell carcinoma (SCC) of the lung. 

Experimental Design: Archived tissue from NSCLC (adenocarcinoma and SCC; n = 321) and 
adjacent bronchial epithelial specimens (n = 426) were analyzed for the immunohistochemical 
expression of bFGF, FGFR1, and FGFR2, and the findings were correlated with clinicopathologic 
features of the patients. 

Results: High expression of bFGF, FGFR1, and FGFR2 was shown in most NSCLC tumors. The 
pattern of expression for all markers varied according to tumor histologic type and cellular locali¬ 
zation. Cytoplasmic expression scores were significantly higher in tumors than in normal epithelia. 
Nuclear bFGF (P = 0.03) and FGFR1 (P = 0.02) levels were significantly higher in women than 
in men. Although cytoplasmic FGFR1 expression was significantly higher (P = 0.002) in ever 
smokers than in never smokers, nuclear FGFR1 (P = 0.0001) and FGFR2 (P = 0.003) expression 
was significantly higher in never smokers. Different prognostic patterns for the expression of 
these markers were detected for both NSCLC histologic types. Dysplastic changes showed 
significantly higher expression of all markers compared with squamous metaplasia. 
Conclusions: bFGF, FGFR1, and FGFR2 are frequently overexpressed in SCC and adenocarcino¬ 
ma of the lung. bFGF signaling pathway activation may be an early phenomenon in the pathoge¬ 
nesis of SCC and thus an attractive novel target for lung cancer chemopreventive and therapeutic 
strategies. 


Lung cancer, the leading cause of cancer-related deaths in the 
United States (1), consists of several histologic types (2), the 
most common being two non-small cell lung carcinomas 
(NSCLC): adenocarcinoma and squamous cell carcinoma 
(SCC; ref. 3). In spite of recent advances, the underlying 
processes involved in the early pathogenesis of lung cancer 
remain unclear. NSCLCs are believed to arise after the 
progression of sequential preneoplastic lesions, including 
bronchial squamous dysplasias (4). The activation of angio¬ 
genesis pathways has been shown to be involved in the 
development and progression of lung cancer (5-7). A better 
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understanding of the signaling pathways that lead to tumor 
growth and angiogenesis may help in the development of new 
and more effective strategies for early detection, targeted 
chemoprevention, and treatment of lung cancer. 

Fibroblast growth factor (FGF) 2, or basic FGF (bFGF), and 
its transmembrane tyrosine kinase receptors (the FGFRs) make 
up a large, complex family of signaling molecules involved in 
several physiologic processes, and the dysregulation of these 
molecules has been associated with cancer development (8, 9). 
bFGF belongs to a family of ubiquitously expressed ligands that 
bind to the extracellular domain of FGFRs, initiating a signal 
transduction cascade that promotes cell proliferation, motility, 
and angiogenesis (8-10). 

As with some other angiogenesis pathways, the bFGF 
pathway has been shown to be activated in lung cancer (11- 
18). Elevated levels of bFGF, FGFR1, and FGFR2 proteins have 
been detected in NSCLC cell lines (11, 19). Although a few 
reports discuss the expression of bFGF and FGFRs in NSCLC 
tumors (12- 18), the precise role of these molecules in the early 
pathogenesis and progression of this tumor is still unknown. 

To identify the patterns of expression of bFGF, FGFR1, and 
FGFR2 proteins in the two major histologies of NSCLC, namely 
SCC and adenocarcinoma, and their role in the early 
pathogenesis of SCC of the lung, we investigated the 
immunohistochemical expression of these three molecules in 
a large series of archived NSCLC tissue specimens and adjacent 


Clin Cancer Res 2008;14(19) October 1, 2008 


6014 


www.aacrjournals.org 




Expression of bFGF and Its Receptors in Lung Cancer 


Translational Relevance 

A better understanding of the signaling pathways that 
lead to tumor growth and angiogenesis may help in the 
development of new and more effective strategies for 
targeted chemoprevention and treatment of lung cancer. 
Our findings of frequent overexpression of bFGF, FGFR1, 
and FGFR2 in NSCLC, and in the early pathogenesis of 
squamous cell carcinomas, suggest that the activation of 
the bFGF pathway, which has been proposed to facilitate 
the development of resistance to antiangiogenic therapy 
targeting the vascular endothelial growth factor pathway, 
is an attractive novel target for lung cancer therapeutic 
and chemopreventive strategies. 


lung bronchial epithelial foci and constructed tissue microarray 
(TMA) specimens. We then correlated our findings with 
clinicopathologic features of patients with lung cancer. 

Materials and Methods 

Case selection and TMA construction. For this study, which 
was approved by our institutional review board, we obtained archived 
formalin-fixed, paraffin-embedded material from surgically resected 
lung cancer specimens containing tumor and adjacent lung tissues 
from the Lung Cancer Specialized Program of Research Excellence 
tissue bank at The University of Texas M. D. Anderson Cancer 
Center. Tissue specimens collected between 1997 and 2003 from 321 
lung cancer tumors (196 adenocarcinomas and 125 SCCs) were 
classified by using the 2004 WHO classification system (3) and 
selected specimens were used for construction of TMAs. In addition, 
detailed histopathologic semiquantitative analysis of lung adenocarci¬ 
noma subtypes (acinar, papillary, solid with mucin, and bronchio¬ 
loalveolar) using the WHO classification (3) was done in 192 lung 
adenocarcinomas. After histologic examination, the NSCLC TMAs 
were constructed by obtaining three 1-mm-diameter cores from 
each tumor. 

To assess the immunohistochemical expression of bFGF, FGFR1, and 
FGFR2 in the early pathogenesis of NSCLC, we studied formalin-fixed, 
paraffin-embedded material from 426 specimens of bronchial epithe¬ 


lium surgically resected from 130 patients with NSCLC (mean, 3.3 
specimens per patient; range, 1-25 specimens). We histologically 
classified epithelial lesions by using the 2004 WHO classification 
system for preneoplastic lung lesions (3). The histologic findings from 
the epithelia were as follows: normal epithelium (n = 150), basal cell 
hyperplasia (n = 164), squamous metaplasia (n = 26), and squamous 
dysplasia (n = 86). The squamous dysplasias were arranged into two 
groups: low-grade (mild and moderate dysplasias; n = 22) and high- 
grade (severe dysplasia and carcinoma in situ; n = 64). For the epithelial 
foci TMAs, we used single 2-mm cores in an attempt to capture most of 
the preneoplastic lesions. 

Immunohistochemical staining and evaluation. The following pri¬ 
mary antibodies were used for immunohistochemical staining: mouse 
monoclonal anti-bFGF (BD Biosciences PharMingen; dilution 1:200), 
rabbit polyclonal anti-FGFRl (Fig; Santa Cruz Biotechnology; dilution 
1:100), and rabbit polyclonal anti-FGFR2 (Bek; Santa Cruz Biotech¬ 
nology; dilution 1:100). Formalin-fixed, paraffin-embedded tissue 
sections (5-pm-thick) were deparaffinized and hydrated. For bFGF, 
antigen retrieval was done by incubating specimens for 5 min in 1% 
SDS in TBS [100 mmol/LTris (pH 7.4), 138 mmol/L NaCl, 27 mmol/L 
KC1] at room temperature. For FGFR1 and FGFR2, antigen retrieval was 
done by heating specimens in a steamer for 10 min with 10 mmol/L 
sodium citrate (pH 6.0). We performed protein blocking by incubating 
specimens for 30 min in 10% bovine serum albumin in TBS with 0.5% 
Tween 20. Primary antibody incubation was done overnight at 4°C for 
bFGF and for 2 h at room temperature for FGFR1 and FGFR2. 

Specimens were next washed with PBS. They were incubated for 
30 min with secondary antibody with Envision Plus Dual Link-labeled 
polymer (DAKO) and then for 5 min with diaminobenzidine 
chromogen. Formalin-fixed, paraffin-embedded lung tissues having 
both tumor and normal tissues were used as a positive control. For a 
negative control, we used the same specimens that we used for the 
positive control but replaced the primary antibody with PBS. 

The expression was quantified by two observers (C.B. and I.I.W.). 
Cytoplasmic expression was quantified using a four-value intensity 
score (0, 1+, 2+, and 3+) and the percentage (0-100%) of the extent of 
reactivity. Next, the cytoplasmic expression score was obtained by 
multiplying the intensity and reactivity extension values (range, 0-300). 
Nuclear expression was quantified using a range of 0 to 100 according 
to the percentage of positive nuclei present among all tumor or 
epithelium cells present in the TMA cores. 

Statistical analysis. The data were summarized using standard 
descriptive statistics and frequency tabulations. Associations between 
the marker expression and patients' clinical demographic variables 
including age, sex, smoking history, histology type, and pathologic 


Table 1 . Summary of the clinicopathologic features of lung cancer cases studied 


Feature 


NSCLC histologic type* 



SCC (n = 125) 

Adenocarcinoma (n = 196) 

Total (/V = 321) 

Mean age (range), y 

68.5 (42-90) 

64.7 (34-87) 

66.3 (34-90) 

Sex 

Male 

79 

74 

153 

Female 

46 

122 

168 

Smoking status f 

Never 

6 

50 

56 

Ever 

118 

146 

264 

TNM stage 

I 

68 

130 

198 

II 

39 

25 

64 

III 

17 

34 

51 

IV 

1 

7 

8 

*Values are number of cases unless otherwise indicated, 
t Smoking status was not available in one patient with SCC. 
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Bronchial Epithelium 


NSCLC Tumors 



Normal Metaplasia Dysplasia Squamous Cell Carcinoma Adenocarcinoma 


B FGFR1 



C FGFR2 



Fig. 1 . Microphotographs of immunohistochemical expression of bFGF (A), FGFR1 ( B ), and FGFR2 ( C ) in tissue specimens of NSCLC tumor (SCC and adenocarcinoma) 
and bronchial epithelium (squamous metaplasias, squamous dysplasia, and normal epithelium). For all three markers, immunostaining was preferentially cytoplasmic, but 
nuclear staining was also detected. In bronchial epithelial specimens, levels of expression were higher in squamous dysplasia than in squamous metaplasia and normal 
epithelium. For each histologic type and marker in NSCLC tumors, both high and low levels of magnification are shown. Insets , tumorTMA core. 


stage were assessed using appropriate methods including x 2 test or 
Fisher's exact test for categorical variables and Wilcoxon's rank-sum test 
or Kruskal-Wallis test for continuous variables. Linear mixed-effects 
model was applied to compare the marker expression level among 
various histologic progression stage including normal, hyperplasia, 
metaplasia, dysplasia, and cancer. 

We performed overall survival (OS) and recurrence-free survival 
(RFS) analyses for the expression of bFGF, FGFR1, and FGFR2 by using 
specimens from 321 NSCLC patients with a median follow-up of 
3.78 years. Survival curves were estimated using the Kaplan-Meier 
method. OS was defined as the time from surgery to death or to the end 
of the study and RFS as the time from surgery to recurrence or to the 
end of the study. The effect of the marker expression on patients' OS 
and RFS was tested for both histologic types separately and adjusted for 
age, sex, smoking status, and pathologic TNM stage. The binary cutoff 
points of biomarkers were identified using the Classification and 
Regression Tree algorithm, in which a cutoff point is determined for 
each predictor variable such that the two resulting subgroups are the 
most different in OS. The same cutoffs were used in the RFS analysis. 
Univariate and multivariate Cox proportional hazards models were 
used to assess the effect of covariates on OS and RFS. Two-sided 
P values < 0.05 were considered statistically significant. Any significant 
findings can serve as hypothesis generation and require further 
confirmation in future studies. All analyses were conducted in SAS 
9.1 (SAS Institute) and S-PLUS (Insightful Corp.). 

Results 

Patients' characteristics. We studied 321 surgically resected 
lung cancers representing the two major NSCLC histologies 
using archival tissue specimens. Detailed clinical and patho¬ 
logic information was available in most cases (Table 1) and 
included patients' demographic data, smoking history [never 


smokers or ever smokers (patients who had smoked at least 100 
cigarettes in their lifetime)], pathologic TNM staging (20), OS 
time, and RFS time. 

Immunohistochemical expression of bFGF and receptors in 
NSCLC compared with that in normal epithelium. bFGF, 
FGFR1, and FGFR2 were detected in the cytoplasm and nuclei 
of bronchial epithelium and tumor cells (Fig. 1). Overall, 
NSCLC tumor cells showed higher levels of bFGF, FGFR1, and 
FGFR2 protein expression than histologically normal bronchial 
epithelium did. No significant difference in the expression of 
these three markers was detected in normal epithelium 
obtained from patients with adenocarcinoma or SCC. Speci¬ 
mens from both histologic types of NSCLC, however, had 
significantly higher cytoplasmic expression scores for all three 
markers than did the histologically normal specimens of 
bronchial epithelium obtained from patients with lung cancer 
(Figs. 1 and 2). Significant higher FGFR1 and FGFR2 (but not 
bFGF) nuclear expression scores were also found in tumor than 
in normal epithelium for patients with adenocarcinoma. On 
the other hand, significantly higher bFGF (but not FGFRs) 
nuclear expression score was found in tumor than in normal 
epithelium in patients with squamous carcinoma (Fig. 2). 

Markers of immunohistochemical expression in the sequential 
pathogenesis of SCC. We investigated the expression of bFGF, 
FGFR1, and FGFR2 in 426 epithelial specimens containing 
histologically normal, hyperplastic, squamous metaplastic, or 
squamous dysplastic bronchial epithelia adjacent to NSCLC 
obtained from 130 patients. Similar levels of cytoplasmic and 
nuclear expression were detected in normal and hyperplastic 
epithelia for all three markers. For cytoplasmic FGFR1 and 
FGFR2 localizations, squamous metaplastic epithelia showed 


Clin Cancer Res 2008;14(19) October 1, 2008 


6016 


www.aacrjournals.org 











































































Expression of bFGF and Its Receptors in Lung Cancer 


significantly lower levels of the markers than did normal 
(FGFR1, P = 0.022; FGFR2, P = 0.022) and hyperplastic 
(FGFR1, P = 0.047; FGFR2, P = 0.049) epithelia. For nuclear 
localization, no significant differences in the scores of any 
markers were detected between normal, basal cell hyperplastic, 
and squamous metaplastic epithelia. Of interest, squamous 
dysplastic lesions showed significantly higher levels of expres¬ 
sion than did squamous metaplastic lesions for all three 
markers (Fig. 3). The monotone increase pattern in the 
expression of these markers from squamous dysplasia to 
invasive SCC is consistent with the progression model of this 
tumor type. 

Correlation between markers of immunohistochemical expres¬ 
sion in NSCLC and clinicopathologic features and disease 
outcomes. We correlated bFGF and FGFR scores and levels of 
expression with tumor histologic characteristics, age, sex, 
smoking history, and TNM pathologic stage. The expression 
of these markers at the cytoplasmic level was similar in both 
NSCLC histologic types, except for FGFR2, which was 
significantly higher (P = 0.006) in SCC (Fig. 2). At the nuclear 


level, SCC showed significantly higher (P = 0.016) expression 
of bFGF than did adenocarcinoma, whereas the latter showed 
significantly higher expression of both receptors (FGFR1, P < 
0.0001; FGFR2, P = 0.0007; Fig. 2). 

One striking association observed was the correlation 
between the immunohistochemical expression of bFGF and 
the receptors with sex and smoking history in patients with 
adenocarcinoma (Table 2). Expression of nuclear bFGF and 
nuclear FGFR1 were significantly higher (P = 0.03 and P = 0.02, 
respectively) in women than in men. Although cytoplasmic 
FGFR1 expression was significantly higher (P = 0.002) in ever 
smokers than in never smokers, expression of nuclear FGFR1 
(P = 0.0001) and nuclear FGFR2 (P = 0.003) was significantly 
higher in never smokers than in ever smokers. No significant 
associations between all three markers and gender or smoking 
status were found in patients with squamous carcinoma. For 
both NSCLC types, no correlation was detected between marker 
expression and age or TNM pathologic stage. In lung 
adenocarcinoma, FGFR1 nuclear expression positively and 
significantly (Spearman's correlation coefficient r = 0.29; 
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Fig. 2. Cytoplasmic (top) and nuclear (bottom) scores of immunohistochemical expression of bFGF (A), FGFR1 (B), and FGFR2 (C) in normal bronchial epithelia 
(NORMAL) obtained from lung cancer patients, SCC, and adenocarcinoma (ADCA) of the lung.The number of samples is indicated for each histologic group and marker. 
P values comparing normal epithelial and tumor histologic types are shown for all comparisons. Boxes around P values indicate statistical significance. Bars, 95% Cl. 
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P < 0.0001) correlated with the presence of bronchioloalveolar 
subtype. Of interest, this correlation was independent of gender 
and remained significant (P < 0.003) after adjusting by 
smoking history in multivariate analysis (data not shown). 

We analyzed the prognostic effects of the markers on disease 
outcomes using both a continuous score and a dichotomized 
score of the marker expressions using the cutoffs identified by 
Classification and Regression Tree algorithm. In patients with 
adenocarcinoma, both scores of cytoplasmic FGFR1 show a 
trend, although nonsignificant, effect on OS (P = 0.070 and P = 
0.068, respectively, for the continuous and binary score, >195) 
and RFS (P = 0.087 and P = 0.12, respectively, for the 
continuous and binary measure) in the univariate setting. The 
Kaplan-Meier curves for the binary score shown in Fig. 4A 
indicate that high cytoplasmic FGFR1 was associated with a 
worse OS and a worse RFS. After adjusting for age, gender, 
smoking history, and pathologic stage, the effects of the 
cytoplasmic overexpression of FGFR1 on OS and on RFS 
remained marginally significant. Patients with high cytoplasmic 
FGFR1 had a worse OS [P = 0.07; hazard ratio (FIR), 1.51; 95% 
confidence interval (95% Cl), 0.97-2.33] and a worse RFS (P = 
0.05; HR, 1.63; 95% Cl, 1.00-2.67). Of interest in these 
patients, when treating as a continuous variable, each one-unit 
increase in the FGFR1 cytoplasmic score conferred a nonsig¬ 
nificant trend to a better OS (P = 0.071; IIR, 1.01; 95% Cl, 
1.00-1.01) and a significantly worse RFS (P = 0.02; HR, 1.01; 
95% Cl, 1.00-1.02). 

In patients with SCCs, we detected a more complex pattern of 
prognostic association. In the univariate analyses, nuclear 
FGFR1 (score > 17.5) and nuclear FGFR2 (score > 55) showed 
close to significant or significant effects on OS (P = 0.061 and 
0.031 for nuclear FGFR1 and FGFR2, respectively). Nuclear 
FGFR1 and FGFR2 had a significant effect on RFS (P = 0.027 
and 0.021, respectively). As the Kaplan-Meier curves for the 
binary score in Fig. 4B show, high nuclear expression of 
FGFFR1 was associated with a worse OS and a worse RFS. When 
age, gender, smoking history, and pathologic stage are 


compared, the nuclear overexpression of FGFR1 (score > 
17.5) and FGFR2 (score > 55) significantly correlated with 
worse outcome in RFS and OS, respectively. The nuclear 
overexpression of FGFR1 conferred to patients a worse RFS (P = 
0.04; HR, 1.97; 95% Cl, 1.04-3.72), and the nuclear over¬ 
expression of FGFR2 correlated with worse OS (P = 0.02; I IR, 
2.54; 95% Cl, 1.18-5.47) and RFS (P = 0.02; HR, 2.84; 95% Cl, 
1.18-6.86). In contrast, the cytoplasmic overexpression of bFGF 
(score >175) and FGFR2 (score >155) significantly correlated 
with better OS (bFGF: P = 0.02; IIR, 0.55; 95% Cl, 0.33-0.92 
and FGFR2: P = 0.008; HR, 0.51; 95% Cl, 0.31-0.83). When 
they are analyzed as a continuous variable, they also show 
trend, although nonsignificant, effects on OS and RFS. Again, 
high cytoplasmic bFGF is associated with a better OS (P = 
0.068; HR, 0.99; 95% Cl, 0.99-1.00 per unit increment). High 
cytoplasmic FGFR2 is associated with a better OS (P = 0.086; 
IIR, 0.99; 95% Cl, 0.99-1.00 per unit increment). 

Correlations of markers' expression. In tumor specimens, we 
analyzed the correlation between the expression of all markers 
at cytoplasmic and nuclear localizations. Comparing all three 
markers, we detected a complex pattern of correlations of 
immunohistochemical expression in NSCLC that differed 
between the adenocarcinoma and SCC histologic types. A 
positive significant correlation between the cytoplasmic and 
nuclear overexpression of bFGF was detected in adenocarcino¬ 
ma and of FGFR2 in both adenocarcinoma and SCC. In 
adenocarcinoma specimens, the correlation between bFGF and 
FGFR1 and between FGFR1 and FGFR2 was observed at 
cytoplasmic and nuclear localizations, whereas these correla¬ 
tions were found only at cytoplasmic localizations in specimens 
of SCC. 

Discussion 

As with some other angiogenesis pathways, the bFGF 
pathway has been shown previously to be activated in lung 
cancer (11-18). Although several reports showed high levels of 
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Fig. 3. Scores for cytoplasmic immunohistochemical expression of bFGF (A), FGFR1 ( B), and FGFR2 (C) in bronchial respiratory epithelial lesions related to the 
pathogenesis of SCC of the lung: normal epithelium (Normal), hyperplasia (Hyp), squamous metaplasia (Sq Metp), low-grade dysplasia (L-G Dysp), high-grade 
dysplasia (H-G Dysp), and SCC. The number of samples is indicated for each histologic group and marker. Only significant P values for comparisons between squamous 
metaplastic and squamous dysplastic lesions and SCC are shown. 


Clin Cancer Res 2008;14(19) October 1, 2008 


6018 


www.aacrjournals.org 





































Expression ofbFGFandlts Receptors in Lung Cancer 


Table 2. bFGF, FGFR1, and FGFR2 immunohistochemical expression in NSCLC types by histology, sex, and 
smoking status 


No. 


Immunohistochemical markers, mean (SD) 



bFGF 


FGFR1 


FGFR2 



Cytoplasmic 

expression 

score* 

Nuclear 
expression 
score f 

Cytoplasmic 

expression 

score* 

Nuclear 
expression 
score f 

Cytoplasmic 

expression 

score* 

Nuclear 
expression 
score f 

Adenocarcinoma 

Sex 

Male 74 

169.6 (47.6) 

8.1 (9.4) 

196.1 (27.7) 

25.1 (18.9) 

151.4 (37.4) 

32.4 (23.1) 

Female 122 

166.1 (46.3) 

11.9 (12.7) 

194.6 (28.6) 

31.8 (19.7) 

151.9 (35.0) 

33.9 (23.0) 

P 

0.62 

0.03 

0.73 

0.02 

0.92 

0.65 

Smoking status 

Never 50 

162.5 (45.0) 

11.6 (9.6) 

184.7 (24.2) 

38.4 (17.6) 

148.4 (33.6) 

41.5 (24.1) 

Ever 146 

169.1 (47.3) 

10.1 (12.3) 

198.8 (28.6) 

26.2 (19.4) 

152.9 (36.6) 

30.5 (22.1) 

P 

0.40 

0.44 

0.002 

0.0001 

0.45 

0.003 

SCC 

Sex 

Male 79 

174.5 (33.1) 

12.9 (13.2) 

193.3 (24.9) 

18.3 (14.2) 

166.1 (36.0) 

24.2 (17.3) 

Female 46 

164.3 (37.0) 

15.1 (12.8) 

189.1 (26.5) 

19.0 (13.5) 

160.9 (36.6) 

26.9 (18.8) 

P 

0.12 

0.36 

0.36 

0.80 

0.44 

0.43 

Smoking status 

Never 6 

176.7 (46.3) 

5.8 (13.3) 

185.0 (15.2) 

17.5 (11.7) 

141.7 (43.1) 

12.3 (9.9) 

Ever 118 

170.2 (35.1) 

14.1 (13.2) 

192.3 (25.5) 

18.5 (14.1) 

165.6 (35.6) 

25.8 (18.0) 

P 

0.66 

0.13 

0.48 

0.86 

0.11 

0.07 


*Cytoplasmic immunostaining expression was quantified using a four-value intensity score (0, 1+, 2+, and 3+) and the percentage (0-100%) 
of the extent of reactivity. The cytoplasmic expression score was obtained by multiplying both intensity and reactivity extension values (range, 
0-300). 

t Nuclear immunostaining expression was quantified using a range of 0 to 100 according to the percentage of positive nuclei. 


expression of bFGF and FGFR1 in NSCLC, the precise role of 
these signaling molecules in the pathogenesis and progression 
of this tumor is still unclear (12-18). Eight studies that con¬ 
ducted immunohistochemical expression analyses of NSCLCs 
(including adenocarcinomas and SCCs) described frequent 
bFGF expression in lung tumors, ranging from 49% to 77% 
of lung tumors (12-17, 21, 22). In four studies about FGFR1 
immunohistochemical expression in NSCLC tissue speci¬ 
mens, these frequencies ranged from 50% to 81% (12-15). 
For FGFR2, only one immunohistochemical study was done 
involving 61 NSCLC specimens, 50% of which showed receptor 
expression (21). All of these studies used different arbitrary 
cutoffs to assess positive immunohistochemical expression; 
thus, the data are difficult to interpret. 

In this study, we described high levels of immunohisto¬ 
chemical expression of bFGF, FGFR1, and FGFR2 in a large 
series of NSCLC specimens, including the two most frequent 
histologic types, SCC and adenocarcinoma, similarly to 
previous studies (12-17, 21, 22). To our knowledge, this is 
the first comprehensive analysis of bFGF, FGFR1, and FGFR2 in 
the same set of NSCLC specimens. Overall, we found higher 
levels of bFGF and FGFRs expression in tumor cells than in 
adjacent normal bronchial epithelia at cytoplasmic localization 
in both SCC and adenocarcinoma. These findings are consis¬ 
tent with the postulated mitogenic and angiogenic effects of the 
bFGF signaling pathway activation in human tumors, including 
NSCLC (8). 

Lung cancers are believed to develop through a series of 
progressive pathologic changes (preneoplastic or precursor 
lesions) in the respiratory mucosa that result in an accumula¬ 


tion of genetic abnormalities (23). These abnormalities are 
frequently extensive and multifocal throughout the respiratory 
epithelium, indicating a field effect or field cancerization 
phenomenon (23). Although sequential preneoplastic changes 
have been defined for centrally arising squamous carcinomas, 
they have been poorly documented for lung adenocarcinomas 
(4). Mucosal changes in the large airways that may precede 
invasive SCC include squamous dysplasia and carcinoma in situ 
in the central bronchial airway (24, 25). In lung cancer 
pathogenesis, the genetic changes commence in histologically 
normal epithelium and are present in a similar frequency in 
mildly abnormal epithelia, including basal cell hyperplasia and 
squamous metaplasia (23). In our study, we describe, to our 
knowledge for the first time, a widespread expression of bFGF, 
FGFR1, and FGFR2 adjacent to histologically normal, mildly 
abnormal, and preneoplastic bronchial respiratory epithelium 
in NSCLC specimens. Our findings of a significant increase in 
the immunohistochemical expression of bFGF and FGFR 
proteins at cytoplasmic (bFGF, FGFR1, and FGFR2) and nuclear 
(FGFR2) localizations in respiratory epithelium with low-grade 
(cytoplasmic bFGF) and high-grade (cytoplasmic bFGF and 
FGFRs and nuclear FGFR2) squamous dysplastic, compared 
with metaplastic, bronchial epithelia, suggest that the activation 
of the bFGF pathway is an early event in the pathogenesis of 
SCC of the lung and could play a role in the angiogenic switch 
characteristic of tumor promotion. 

Whereas most of the previous studies reported either 
cytoplasmic protein expression only (12, 13, 16) or did not 
indicate immunostaining cell localization (14, 15, 17, 22), we 
described the expression of bFGF, FGFR1, and FGFR2 at both 
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cytoplasmic and nuclear localizations in our NSCLC specimens. 
These findings are consistent with previous in vitro studies 
showing that bFGF and FGFR1 translocate to the cell nucleus 
(26). In addition, the nuclear localization of bFGF in cells has 
been known for many years (27, 28), and there is some 
evidence that this translocation is required for the induction of 
cell proliferation (29). More recently, it has been shown that on 
cell stimulation with bFGF, FGFR1, a plasma membrane- 
associated protein, is undergoing endocytosis to the cytosol and 
translocates to the cell nucleus along with its ligand bFGF (26). 
Within the nucleus, FGFR1 serves as a general transcriptional 
regulator that activates structurally distinct genes located on 
different chromosomes and stimulates multigene programs for 
cell growth and differentiation (26). 

In the correlation analysis of the immunohistochemical 
expression of bFGF and its receptors and patients' clinicopa- 
thologic characteristics, we found, somewhat surprisingly, a 
significantly higher level of nuclear bFGF and FGFR1 expression 
in tumor specimens obtained from female patients than in 
specimens from male patients with adenocarcinoma. These 
findings link the phenomenon of angiogenesis with sex-related 
oncogenic mechanisms, including sex steroid hormones. In 
women, the effects of estrogen and progesterone in angiogenesis 


pathways such as those associated with vascular endothelial 
growth factor have been established in normal endometrial and 
breast tissues (30-33) and are being investigated in the 
corresponding tumors (34, 35). In the bFGF pathway, much 
less is known about whether sex steroids are involved with the 
regulation of normal and malignant tissues. In the normal 
endometrium, bFGF mRNA has shown a cyclic variation, 
suggesting that at least mRNA levels may be regulated by sex 
steroids (36). In breast cancer, bFGF levels seem to be up- 
regulated compared with normal adjacent tissue and associated 
with a high expression of the estrogen receptor, suggesting a 
correlation between them (35). The role of hormones, 
particularly estrogen, as a risk factor for the development of 
lung cancer among women is an area of vigorous investigation 
(37), and in NSCLC, there is evidence of cross-talk between the 
estrogen receptor and other growth factor signaling pathways, 
including the epidermal growth factor receptor (38). 

In addition, in adenocarcinoma specimens, we detected 
differences in the expression of the three markers and 
patients' smoking status, with cytoplasmic FGFR1 expression 
being significantly higher in smokers and nuclear FGFR1 
and FGFR2 significantly higher in never smokers. To our 
knowledge, these associations have not been reported 
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Fig. 4. Kaplan-Meier curves illustrating FGFR1 cytoplasmic protein expression for adenocarcinoma (A) and FGFR1 nuclear expression for SCC ( B) patients. 
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previously. These differences highlight the potential differen¬ 
tial role of these proteins in the pathogenesis of both 
smoking and non-smoking-related lung cancers. There is 
some evidence that links the bFGF pathway with smoking in 
lung diseases. It has been suggested that the bFGF pathway 
plays a role in regulating airway wall remodeling, especially 
in individuals with smoking-induced chronic obstructive 
peripheral disease, which is related to inflammation of the 
small airway (39). Of interest, Kranenburg et al. (40) 
conducted an immunohistochemical analysis of bronchial 
specimens obtained from patients with chronic obstructive 
peripheral disease and showed that FGFR1 immunolocalized 
in the cytoplasm of bronchial epithelial cells and in other 
cell components of the bronchial wall. We hypothesize that 
the inflammatory phenomenon occurring in smoking-dam- 
aged airway may be associated with the predominantly 
cytoplasmic localization of these receptors. Our finding of 
the differential expression of cytoplasmic FGFR2 and of both 
receptors at the nuclear level with smoking status in tumor 
specimens needs further study in epithelial lesions. 

The prognostic effect of the expression of bFGF, FGFR1, and 
FGFR2 proteins in lung cancer has been studied previously in 
a limited number of tumor cases (14, 16, 17, 21). In NSCLC, 
high levels of bFGF expression, determined by ELISA in tissue 
extracts (n = 71; ref. 17) and by immunohistochemical 
expression in the cytoplasm of tumor cells (n = 119; ref. 16), 
correlated with worse OS. Similarly, high levels of FGFR1 and 
FGFR2 expression correlated with shorter OS in patients with 
NSCLC (n = 206; ref. 14) and lung adenocarcinomas (n = 30; 
ref. 21). When we investigated the correlation of the 
expression of these markers with OS and RFS, our findings 
suggested that the overexpression of FGFR1 in the cytoplasm 
of tumor cells correlated with worse OS only in patients with 
adenocarcinoma, similar to findings reported by Yamayoshi 
et al. (21). In contrast, for SCC, we found that the nuclear 
overexpression of FGFR1 and FGFR2 correlated significantly 
with worse outcome in both OS and RFS. Somewhat 
surprisingly, the cytoplasmic overexpression of bFGF and 
FGFR2 in squamous tumor cells correlated with better OS. 


Although it seems paradoxical that a tumor that expresses 
high levels of bFGF and FGFR exhibits a better prognosis than 
a tumor that expresses low levels, we hypothesize that high 
levels of cytoplasmic expression may prevent nuclear locali¬ 
zation of the proteins. Our data confirmed the notion that 
adenocarcinoma and SCC are not a homogeneous group of 
tumors and that they should always be examined separately 
for molecular targets and outcome. 

We identified multiple correlations between the immuno¬ 
histochemical expression of bFGF, FGFR1, and FGFR2 and their 
cytoplasmic and nuclear tumor cell localizations. All correla¬ 
tions but one were positive. Of interest, we detected a 
correlation between bFGF and FGFR1 expression in both 
NSCLC histologic types at the cytoplasmic level. These findings 
suggest that the cytoplasmic overexpression of the ligand bFGF 
in tumor cells may influence the expression and cell internal¬ 
ization of FGFR1. In lung adenocarcinomas, this association 
was also found at the nuclear level, emphasizing the role of 
bFGF in FGFR1 translocation to the cell nucleus (26). A similar 
pattern of association was detected between both FGFRs, a 
phenomenon that could be associated with preferential 
receptors dimerization and subsequent cytoplasmic internali¬ 
zation and nuclear translocation. 

In summary, our findings indicate that bFGF, FGFR1, and 
FGFR2 are frequently overexpressed in NSCLC, although 
different patterns of expression are detected in its two major 
types. Our findings further suggest that bFGF signaling pathway 
activation is an early phenomenon in the pathogenesis of SCC 
of the lung. In addition, the frequent and early overexpression 
of bFGF and FGFR markers in patients with NSCLC suggests 
that the activation of the bFGF pathway, which has been 
proposed to facilitate the development of resistance to 
antiangiogenic therapy targeting the vascular endothelial 
growth factor pathway (41), is an attractive novel target for 
lung cancer therapeutic and chemopreventive strategies. 
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Abstract: Background. Metastases are the primary cause of 
cancer treatment failure and death, yet metastatic mechanisms 
remain incompletely understood. 

Methods. We studied the molecular basis of head and neck 
cancer metastasis by transcriptionally profiling 70 samples from 
27 patients—matching normal adjacent tissue, primary tumor, 
and cervical lymph node metastases. 

Results. We identified tumor-associated expression signa¬ 
tures common to both primary tumors and metastases. Use of 
matching metastases revealed an additional 46 dysregulated 
genes associated solely with head and neck cancer metastasis. 
However, despite being metastasis-specific in our sample set, 
these 46 genes are concordant with genes previously discov¬ 
ered in primary tumors that metastasized. 

Conclusions. Although our data and related studies show that 
most of the metastatic potential appears to be inherent to the pri¬ 
mary tumor, they are also consistent with the notion that a limited 
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number of additional clonal changes are necessary to yield 
the final metastatic cell(s), albeit in a variable temporal order. 
©2008 Wiley Periodicals, Inc. Head Neck 30: 1273-1283, 2008 

Keywords: head and neck cancer; expression profiling; metas¬ 
tasis; gene signatures; oncogenomics 

For most solid tumors, tumorigenesis occurs as a 
multistep process including both genetic and epi¬ 
genetic alterations, which together provide cancer 
cells with a selective growth advantage. Transfor¬ 
mation of normal cells into malignant cells is char¬ 
acterized by a limited set of acquired capabilities, 
which are likely shared among different tumor 
types. 1 However, metastases to distant organ sites 
are ultimately responsible for most cancer deaths. 2 
Despite much progress, important questions about 
metastatic progression remain to be answered. 2-4 
With respect to metastatic origins, 2 conflicting 
views have been proposed. The “rare metastatic 
variants” model holds that rare metastatic cells 
preexist within the primary tumor and subse¬ 
quently progress to metastases by the process of 
selection. 5,6 This model has recently been chal¬ 
lenged by the results of global gene expression 
profiling in various cancer types. These studies 
have provided evidence for the independent evolu¬ 
tion of 2 classes of primary tumors, those that are 
predisposed to metastasize and those that are not 
(“primary tumor predisposition” model). 7-11 We 
have attempted to address the mechanism(s) of 
metastasis using expression profiling of geneti¬ 
cally matched primary tumors, lymph node metas¬ 
tases, and adjacent normal tissue. 

In this study, we focused on squamous cell carci¬ 
noma (SCC) of the head and neck (HNSCC) as a 
prototypic epithelial solid tumor. 12-14 Several mo¬ 
lecular alterations associated with HNSCC have 
been identified, but a complete understanding of 
the complex molecular events underlying tumori¬ 
genesis and metastasis is still lacking. 13,15,16 Cervi¬ 
cal lymph node metastases are the single most 
adverse independent prognostic indicator for local 
recurrence and/or distant metastasis. 17 A reliable 
method to identify those tumors most likely to 
recur or to produce distant metastases would sig¬ 
nificantly enhance the choice of effective treatment 
options and, therefore, outcomes for the patients. 

Several groups have attempted to predict 
lymph node metastases retrospectively by identify¬ 
ing a metastatic signature in primary tumor tis¬ 
sues. However, in the majority of these studies, the 
predictive signatures have not been compared with 
the expression signature that is actually present in 
the metastases themselves. To identify the genetic 
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changes underlying HNSCC tumor initiation, pro¬ 
gression, and metastasis directly, we generated 
comprehensive expression profiles for 70 samples, 
including primary tumors, genetically matched 
normal adjacent mucosae and genetically matched 
cervical lymph node metastases. Rigorous statisti¬ 
cal analysis revealed unique expression profiles 
differentiating normal mucosae from primary tu¬ 
mor and metastatic lesions. Genetically matched 
primary tumor/metastasis samples (ie, from the 
same patients) showed highly correlated individ¬ 
ual profiles, consistent with the notion that the 
metastatic potential is already encoded in the pri¬ 
mary tumor. However, we also identified 46 genes 
whose dysregulated expression was specific for 
head and neck cancer metastasis, suggesting that 
the acquisition of an additional limited number of 
clonal changes results in the final metastatic 
cell(s). Findings are compared with those of other 
published studies, and the implications for the 
metastatic process in solid tumors and the utility 
for clinical prognostication based on gene expres¬ 
sion in primary tumors are discussed. 

PATIENTS AND METHODS 

Patient Biopsy Samples. Informed consent was 
obtained from all patients prior to sample collec¬ 
tion in accordance with the guidelines set by the 
Institutional Review Board of The Ohio State Uni¬ 
versity (OSU). Biopsy samples from surgical resec¬ 
tions were collected and banked through the OSU 
Head and Neck Cancer Tissue Bank. For each 
patient, the primary tumor, matching metastatic 
lymph node, and adjacent normal mucosa were col¬ 
lected at the same time and processed concurrently 
to minimize confounding clinical or technical vari¬ 
ability. Primary tumor tissue and tissue from meta¬ 
static lymph nodes were subject to examination by 
a board-certified pathologist to confirm tissue his¬ 
tology and cellular representation. Clinically 
appearing tumor tissue was taken distant from the 
tumor margin and was macro-dissected to provide 
tissue that contains >70% tumor cells. Normal tis¬ 
sue was clinically appearing normal adjacent tis¬ 
sue taken at least 3 cm from the tumor margin, 
usually contralateral. All samples were immedi¬ 
ately placed on ice and, after removal of portions 
needed for pathological diagnosis, were snap-frozen 
in liquid nitrogen within 30 minutes of devasculari¬ 
zation. Snap-frozen samples were held at — 80°C 
for long-term storage. We used samples from 5 
representative anatomical locations (8 larynx, 
8 tongue, 6 pharynx, 5 tonsil, 1 palate) from 27 
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patients. For 1 patient, we had tumor samples 
before (N13, P13) and after treatment (N3, P3, M3). 
Supplementary Table SI summarizes the clinical 
and demographic features of the patients. 

Sample Preparation. In all, we profiled 70 samples 
from 27 patients—28 primary tumors, 28 match¬ 
ing normal adjacent mucosae, and 14 matching 
lymph node metastases. RNA was extracted from 
snap-frozen tissue samples using the TriZol Rea¬ 
gent (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s suggestions. RNA was further 
purified using the RNeasy kit (Qiagen, Valencia, 
CA). For hybridization to the HuGeneFL and 
U95Av2 GeneChip arrays (Affymetrix, Santa 
Clara, CA) cRNA target preparation was accord¬ 
ing to the Affymetrix protocol. Thirty-five samples 
(12 normal adjacent mucosae, 12 primary tumors, 
and 11 metastatic lymph nodes from the same 
patients) were profiled on the HuGeneFL plat¬ 
form, and 35 samples (16 normal adjacent muco¬ 
sae, 16 primary tumors, and 3 metastatic lymph 
nodes from the same patients) were profiled using 
the U95Av2 platform, interrogating approxi¬ 
mately 6600 and 12,500 genes, respectively. 

Data Analysis Across Platforms. All original Gen¬ 
eChip.cel files are available at Array Express 
(accession number: E-MEXP-44; www.ebi.ac.uk/ 
arrayexpress/). The .cel files were processed and 
quantified with the dChip analysis package using 
the Li-Wong full model (Supplementary Data SI 
and S2). 18,19 This choice was based on our previ¬ 
ous finding that this method produced the most 
reliable results for the analysis of oligonucleotide 
arrays. 20 All statistical analyses were performed 
with MATLAB (MathWorks, Natick, MA). We an¬ 
alyzed the 2 datasets generated on the HuGeneFL 
and U95Av2 platforms using standard explora¬ 
tory techniques, including principal component 
analysis (PCA), pairwise distance matrix (PDM), 
and hierarchical cluster (HC) analyses. To con¬ 
trast the different sample types (normal adjacent 
tissue, primary tumor, and lymph node metasta¬ 
sis), we combined the 2 datasets to generate a list 
of genes shared between the 2 GeneChip plat¬ 
forms (Supplementary Data S3). 

To combine data from multiple probe sets across 
both platforms, we used a “pseudo” probe set 
approach (Supplementary Data S4). 21 Briefly, the 
probe sequence information supplied by Affymetrix 
was used to identify individual probes with identi¬ 
cal sequences present on both GeneChip platforms. 
Common probes were matched against the latest 
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build of UniGene to assemble pseudo probe sets 
consisting of all common probes mapping to a given 
UniGene cluster. Because HuGeneFL and U95Av2 
interrogate 20 and 16 probes per probe set/gene, 
respectively, the number of common probes in a 
pseudo probeset can vary. Therefore, computations 
were performed only on pseudo probe sets with at 
least 3 probes, interrogating a total of 4509 unique 
genes with 7871 pseudo probe sets. We used the ro¬ 
bust multichip average (RMA) methodology 22 for 
quantification of pseudo probe set intensities. RMA 
enables correction of spatial effects on individual 
chips and matching of values across chip types 
using quantile normalization. After combining the 
data using this approach, quantifications for the 2 
chip types are on the same scale. 

To analyze combined results for primary tumor 
and normal adjacent tissue samples for the genes 
shared between array types, we used nonpara- 
metric tests, which do not require the gene quanti¬ 
fication values to be the same across array types, 
including a sign test that counts the number of 
times the gene expression in primary tumor is 
higher or lower than the gene expression in the 
paired normal adjacent tissue sample. We focused 
on those genes for which the sign of the difference 
was the same in at least 25 of 28 pairs (90%). This 
cutoff is conservative in that the chance of a given 
gene being higher in 25/28 primary tumor sam¬ 
ples is 1.3720 e-05. Adjusting for multiple com¬ 
parisons, the number of differentially expressed 
genes to be expected by chance is 0.1, whereas we 
actually see several hundred genes. A parallel 
argument can be made for the genes found to be 
higher in normal adjacent tissue than primary tu¬ 
mor samples. The sign test exploits the paired na¬ 
ture of the data by using just the paired differences 
as inputs. In this respect, the test is more specific 
than PCA, which does not take into consideration 
the patient-to-patient heterogeneity. We also used 
approaches that did not exploit the paired nature 
of the samples, such as Wilcoxon rank sum tests 
used to compare normal adjacent tissue and pri¬ 
mary tumor samples within the same array type 
and then combined the p values. 

For the primary tumor versus lymph node me¬ 
tastasis comparison, we first used a sign test that 
exploited the paired nature of the data similar to 
the test used for the normal adjacent tissue versus 
primary tumor comparison. For comparisons 
within a chip type, we also applied signed rank 
tests to exploit the magnitude order. Applying the 
sign test, we first focused on genes found to be 
higher in metastases in at least 12 of 14 cases 


HEAD & NECK—DOI 10.1002/hed October 2008 1275 


(86%). With this cutoff, the chance of a given gene 
being higher in 12/14 lymph node metastasis sam¬ 
ples is 6.4697 e-03. A Wilcoxon rank sum test 
that ignores the paired nature was also used to 
compare normal adjacent tissue versus lymph 
node metastasis samples. 


RESULTS 

Normal Adjacent Tissue is Distinct from Primary 
Tumor and Metastasis. Using nonparametric 
tests to identify differentially expressed genes 
and comparing the primary tumors with their ge¬ 
netically matched normal adjacent mucosae, we 
identified 414 probe sets, representing 345 unique 
genes, which showed significant gene expression 
differences in the same direction in at least 25 of 
28 samples (p value = 1.372 X 10 -5 ) (Supplemen¬ 
tary Table S2). We also applied the rank filter to 
the pseudo probe set data and identified 338 dis¬ 
tinct Unigene clusters (genes). Of these 338 genes, 
249 were also on the 345-gene list, using the Entrez 
Gene ID as the common identifier (Supplementary 
Table S2). Among these were several genes 
previously implicated in HNSCC carcinogenesis, 
including EGFR, CCNB1, and STAT1. 14 ’ 23 ~ 25 

Genetically Matched Primary Tumors and Metastases 
Share a Common Expression Profile. To determine 
the overall relationships between samples, we 
performed PCA (Figure 1A) and paired distance 
matrix (PDM, Figure IB) analysis using all genes 
from the pseudo probe set approach (4509) and all 
70 samples. PCA revealed specific gene signatures 
that distinguished primary tumors and metasta¬ 
ses from normal adjacent tissue. PDM analysis 
showed more variation among the primary 
tumors and the metastases than among the genet¬ 
ically matched normal adjacent tissue. Yet, at the 
same time, high correlation between primary tu¬ 
mor and metastasis from the same patients was 
clearly apparent (reflected in 2 diagonal lines of 
blue squares comparing lymph node metastasis 
and primary tumor in Figure IB). Two-way hier¬ 
archical cluster analysis based on the 338 tumor- 
specific genes obtained from the pseudo probe set 
approach confirmed the primary tumor/metasta¬ 
sis pairing for the majority of samples (9 of 14). 
Interestingly, 2 primary tumors extracted from 
the same patient before and after treatment (P13 
and P3) clustered closely as well (Figure 2). When 
we performed hierarchical clustering by chip type 
using the 345 unique genes obtained using a rank 
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test, sample clustering was consistent with that 
obtained for all samples combined; 10 of 14 pri¬ 
mary tumors were paired with their correspond¬ 
ing metastases (data not shown) indicating the 
robustness across platforms. In fact, this degree of 
clustering (10/14 or 71%) is nearly as high as that 
obtained by comparing 2 separate biopsies of the 
same primary tumor by expression profile cluster¬ 
ing (80% to 90%). 26 

Identification of Metastasis-Specific Genes Through 
Paired Analysis. To identify genes specifically 
associated with the metastatic process, we com¬ 
pared the 14 available cervical lymph node metas¬ 
tases to their genetically matched primary tumors. 
Because of patient-to-patient heterogeneity in 
gene expression levels, the use of genetically 
unmatched primary tumors and metastases or ret¬ 
rospective analysis of primaries alone can be con¬ 
founding. Figure 3 shows examples of variation in 
expression levels across individual samples for 
several representative genes. For each patient 
sample set, the general trend of dysregulation was 
the same. However, the range of actual levels for 
primary tumor and lymph node metastasis across 
all sets of sample overlaps, resulting in a loss of 
sensitivity if the paired nature of the data is 
ignored. To determine the power of a nonpaired 
relative to a paired analysis in identifying dysre- 
gulated genes, we evaluated 3 statistical tests— 
the Wilcoxon rank sum test, which uses a non¬ 
paired approach, and the signed rank test and sign 
test, both of which take advantage of the paired 
nature of our sample set. Both of the latter tests, 
which utilize the paired design, perform statisti¬ 
cally better than the Wilcoxon rank sum test, 
which ignores the paired design (data not shown). 

To combine data for all 14 lymph node metasta¬ 
ses generated on the 2 different platforms, we 
used the sign test to perform the paired analysis. 
We identified genes that showed statistically sig¬ 
nificant differences in at least 11 of 14 samples 
(p value = .0287) between primary tumors and 
matching metastases (Supplementary Table S3). 
Because many of the genes that were different by 
the sign test had absolute differences that were 
relatively small, an additional filter of a mean-fold 
change of >1.5 was applied. This resulted in a list 
of 46 metastasis genes—16 upregulated and 30 
downregulated (Table 1). Ten of the 46 genes were 
represented by at least 2 probe sets. Several of 
these genes are known to be involved in the 
metastatic process of other tumor types, includ¬ 
ing ENPP2 and CXCR4, both of which were 
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FIGURE 1. Analyses of expression profiles generated from the 4509 pseudo probe set genes. (A) Principal component analysis 
(PCA) showing all 70 samples plotted for the first 3 principal components derived using the expression matrix. The expression values 
for each gene were log-transformed and centered before computing the principal components. Green dots are normals, yellows are 
primary tumors, and reds are metastases; lines also join matched primary tumors and metastases. There is a clear separation 
between the genetically matching normal adjacent samples and tumor samples (primary tumors and metastases). Most metastases 
are closer to their corresponding primary tumors than to other metastasis profiles. (B) Pairwise distance matrix (PDM) between all 70 
samples, using Euclidean distance applied to robust multichip average (RMA) quantifications of all 4509 pseudo probe set genes. The 
order of normals (N), primary tumors (P), and metastases (M) is the same within blocks. Distances between normals and tumors of all 
types are greater than distances between normals and other normals, or between tumors and other tumors. The comparison of pri¬ 
mary tumors with metastases provided evidence for a tumor-specific signature indicated by shorter distances from primary tumors to 
their corresponding metastases compared with other metastases. This closer relatedness is visible as a darker blue diagonal in the pri¬ 
mary tumor versus lymph node metastasis comparison in the upper left corner of the block of distances between primary tumor and 
lymph node metastasis. 




FIGURE 2. Two-way hierarchical cluster analysis of gene expression profiles generated on pseudo probe set gene expression data. 
Hierarchical clustering of all 70 samples (cell lines to the side) from both chip types using Euclidean distance and complete linkage 
applied to robust multichip average (RMA) quantifications of the 338 pseudo-probe sets passing the rank filter. Normals (N) cluster 
to the left, tumors to the right. Of particular interest is that most primary tumors (P) and lymph node metastases (M) from the same 
patient show pairing (9 of 14, 64% highlighted by thicker lines). Two primary tumor samples obtained from the same patient before 
and after treatment (PI3 and P3) are also very near in the hierarchical samples cluster, suggesting a patient-specific tumor signa¬ 
ture. 
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FIGURE 3. Expression levels for specific genes in sets of genetically matching normal adjacent mucosae (•), primary tumors (□), 
and metastatic lymph nodes (if). The data plotted for different sample sets (S) show considerable variation in expression levels across 
individual sets for the same gene in the same tissue types. For each patient sample set, the general trend of dysregulation (overex¬ 
pression or underexpression) is in the same direction, whereas levels across all patient sets overlap. The plots highlight the utility of 
the matched-based analysis approach, which improves the sensitivity of the analysis. Representative genes (A) overexpressed ( OSF-2) or 
(B) underexpressed (KER4) in primary tumor and lymph node metastasis relative to their genetically matched normal adjacent tissue 
sample, in ascending order of expression in the normal tissue. Representative genes (C) overexpressed ( CYP1B ) or (D) under¬ 
expressed ( MMP3 ) in lymph node metastasis relative to their genetically matched primary tumor sample, in ascending order of expres¬ 
sion in the primary tumor. 


upregulated, and IL24, which was downregu- 
lated 27-29 Interestingly, of the 46 metastasis-specific 
genes, 9 (20%) are muscle-related genes, the highest 
single dysregulated functional category. This is 
possibly associated with the increased locomotory 
and invasive phenotypes of metastatic cells. 30 

Comparison of Head and Neck Cancer Metastasis- 
Specific Genes with Other Published Head and 
Neck Cancer Metastasis Signatures. A variety of 
approaches have been undertaken to define a me¬ 
tastasis signature in HNSCC. Most groups have 
approached the question using primary tumors 
only, along with supervised analyses to identify 
genes that are differentially expressed in primary 
tumors associated with lymph node metastases, 
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versus those without lymph node metastases. 31-35 
Another approach compared immortal with mortal 
cell lines established from HNSCC samples. 36 A 
third approach, similar to ours, compared matched 
primary tumors to metastases and identified a sin¬ 
gle differentially expressed gene, MTA1. 37 The spe¬ 
cific details of these studies are compared in Sup¬ 
plementary Table S4. Comparing the resulting 
lists of differentially expressed genes from these 
reports with each other and with our 46-gene list 
yielded relatively few overlapping genes (Supple¬ 
mentary Figure S2). However, when cellular proc¬ 
esses and pathways, as opposed to individual gene 
products, were compared between all of these 
studies, including ours, the results were strikingly 
similar. Using Ingenuity Pathway Analysis 
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(Ingenuity Systems; www.ingenuity.com), genes 
involved in cellular processes including cancer, cell 
cycle, and cell-to-cell signaling were disproportion¬ 
ately overrepresented on gene lists from all 7 stud¬ 
ies. Their degree of overrepresentation was gener¬ 
ally similar, as indicated by the similarity in the 
significance level. Results of the comparison are 
shown in Supplementary Figure SI. 

DISCUSSION 

Although the primary risk factors for HNSCC 
(tobacco and alcohol consumption) are well recog¬ 
nized, and considerable progress has been made, 
understanding of the molecular events and mech¬ 
anisms underlying the multistep carcinogenesis 
process in HNSCC is still incomplete and progno¬ 
sis continues to be poor. The identification of genes 
and pathways involved in tumor initiation, pro¬ 
gression and especially metastasis is therefore an 
important goal. Several groups have published 
distinct gene expression signatures associated 
with the presence of lymph node or distant metas- 
tases. “ ’ We profiled genetically matched 
uninvolved adjacent tissues, primary tumors and 
metastatic lymph nodes from a representative set 
of HNSCC patients. To our knowledge, this is the 
largest data set yet utilizing such genetically 
matched samples. 39 ^ 41 

Genes Associated with Tumor Progression. Genes 
that showed concordant levels of dysregulation in 
the primary tumors and metastases relative to 
their matched normal tissues are likely involved 
in tumor initiation and maintenance. Tumor pro¬ 
gression in this sample set appeared to be particu¬ 
larly associated with the dysregulation of genes 
involved in cell adhesion, cell-cycle regulation, 
and remodeling of the extracellular matrix (ECM) 
and cytoskeleton. Some of the dysregulated genes 
and cellular pathways in HNSCC are shared with 
other solid tumors, suggesting that there are a 
limited number of cellular functions and path¬ 
ways contributing directly to tumor initiation and 
progression. The identification of genes previously 
implicated in other cancers, and HNSCC specifi¬ 
cally, confirms the validity of our approach. In 
addition, we identified several genes not previ¬ 
ously associated with HNSCC tumorigenesis, 
some of which constitute potential HNSCC bio¬ 
markers. 

Primary Tumors are Very Similar to Their 
Corresponding Lymph Node Metastasis. SCC of 

the head and neck can be considered a prototypic 
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solid tumor of epithelial origin that results from 
the accumulation of multiple genetic and epige¬ 
netic alterations. 15,42 As with many other solid 
tumors, the presence of cervical lymph node me¬ 
tastasis is considered the single most important 
indicator for local recurrence and/or distant me¬ 
tastasis. 17 The remarkable similarity that we 
observed between primary tumor and lymph node 
metastasis of the same patient, reflected in the 
paired clustering for the majority of samples, is 
consistent with the notion that the metastatic 
potential is already encoded in the bulk of the pri¬ 
mary tumor. This finding tends to contradict the 
“rare metastatic variants” model and supports the 
“primary tumor predisposition” model. 

Genes Associated with Metastasis. Despite the 
high similarity between primary tumors and 
matched metastases, incorporating genetically 
matched samples in our study design enabled us 
to overcome inter-patient tumor heterogeneity 
and identify 46 genes that were significantly dif¬ 
ferentially expressed in lymph node metastases of 
HNSCC patients. Some of the 46 genes, and the 
cellular pathways in which their protein products 
function, have been implicated in tumor progres¬ 
sion and metastasis in previous studies. These 
include genes that individually have been corre¬ 
lated with metastatic behavior and organ-specific 
metastasis in other cancers of epithelial origin. 
Several of these genes ( ENPP2 , CXCR4, LTF, 
S100A2, and IL24 ) have been identified as mecha¬ 
nistically important in the cascade of events that 
drives metastasis, and many of the other genes on 
our list have been implicated in tumorigenesis. 43-47 
However, most of them were previously unrecog¬ 
nized as genes contributing to the development of 
HNSCC metastasis. 

Whether our newly identified metastasis-asso¬ 
ciated genes contribute functionally to metastatic 
progression, not only in HNSCC but in other can¬ 
cers as well, will require further study. Nonethe¬ 
less, our findings are encouraging, because they 
suggest the involvement of a limited set of genes 
and pathways that might be common therapeutic 
targets in different solid cancers. We were able to 
identify these genes because of our paired design, 
which enabled us to overcome inter-tumor hetero¬ 
geneity, a confounding factor in the analysis of 
unmatched samples. 

Comparison with Previously Published Studies. 

Given that several HNSCC metastatic signa¬ 
tures have now been published, 31-36 it appeared 


Head and Neck Cancer Metastasis Signatures 


worthwhile to examine the studies for overlap as a 
means to derive information that may have been 
missed in the analysis of any single study in isola¬ 
tion. These HNSCC metastatic signatures were 
derived using several different profiling platforms 
and analytical approaches (ie, supervised analysis 
of primary tumor signatures based on association 
with presence of lymph node metastases, compari¬ 
son of immortal versus mortal HNSCC samples, 
and in our case, comparison of metastases with 
paired primary tumors). These diverse study 
designs can explain some of the discrepancies 
seen in the direction of gene expression changes 
and strengthen the significance of the genes that 
are independently discovered in multiple studies 
(Supplementary Figure S2). Similarities seen 
between all 7 studies when pathways, rather than 
individual gene products, were compared indi¬ 
cates that higher-level systems analysis will likely 
be essential for the understanding and develop¬ 
ment of clinical applications from primary gene 
expression data. Interestingly, the metastasis sig¬ 
natures for different solid tumors 10 and ours for 
HNSCC, showed a similar enrichment of muscle- 
related and metallothionein genes. The fact that 
tumor progression is reflected in the remodeling 
of the ECM is consistent with the observations 
that epithelial-mesenchymal interactions are 
critical factors of tumor cell behavior. 48-50 The 
theme that is emerging is one of loss of cell adhe¬ 
sion and acquisition of increased cell motility, 
which endows the cell with the ability to migrate, 
invade, and home to specific organs—in the case 
of HNSCC, first lung then bone. 

Progression to Metastasis in HNSCC. Clearly, 
head and neck cancer tumorigenesis is a multistep 
process that results from the accumulation of mul¬ 
tiple genetic and epigenetic alterations. Together, 
these events provide the tumor cell with a selec¬ 
tive growth advantage, which drives the develop¬ 
ment of the primary tumor and metastasis. The 
striking similarity of the expression profiles 
between primary tumors and their genetically 
matched metastases, and the identification of the 
46 metastasis-specific genes together support the 
hypothesis that, compared with the development 
of the primary tumor, fewer additional clonal 
changes are necessary to yield metastatic cells. 
Expression profiling of cancer cell lines selected in 
vivo for their metastatic potential also indicated 
that changes in only a limited number of genes 
and cellular functions underlie the acquisition of 
the metastatic phenotype. 44,51,52 Similarity 
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between our metastatic signature (derived from 
metastases themselves) and other metastatic sig¬ 
natures (derived from primary tumors alone) sug¬ 
gests that the order of these changes may be vari¬ 
able, because our study found these expression 
changes only in metastases, but others identified 
them as already present in the primary tumor. 
This “variable order” metastasis progression 
model would be in contrast to current models of 
cancer progression, in which events in tumorigen- 
esis are proposed to occur in the same sequence 
every time a tumor arises. 

Further studies, especially using multiple pri¬ 
mary tumors and metastases from patients with 
different clinical histories, will be needed to clar¬ 
ify the role of specific genes and their cellular 
pathways to the overall metastatic potential. Our 
results on lymph node metastases should also be 
extended to distant metastases to identify genes 
responsible for the establishment and mainte¬ 
nance of metastasis. 

In conclusion, our data provide experimental 
evidence for the model recently proposed by 
Hynes 53 that postulates the development of meta¬ 
static variants from a metastasis-prone primary 
tumor cell population. Moreover, our data extend 
this model by indicating that the sum of the 
changes in pathways and processes, rather than 
the specific genes or the order in which changes 
occur, determines the final metastatic outcome. 
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Beyond Receptor Expression Levels: 
The Relevance of Target 
Accessibility in Ligand-Directed 
Pharmacodelivery Systems 

Michael G. Ozawa, Amado J. Zurita, Emmanuel Dias-Neto, 
Diana N. Nunes, Richard L. Sidman, Juri G. Gelovani, 

Wadih Arap* *’ 1 , and Renata Pasqualini *' 1 

For development of a new ligand-directed pharmacology, it is critical to 
measure delivery of targeted drug ligands via molecular imaging or 
diagnostic readouts (termed theranostics). Combinatorial peptide 
libraries serve as unbiased functional screens that can identify specific 
peptides targeting cell-surface receptors accessible to the circulation. As 
candidate drug leads, such peptides provide motifs likely to modify 
ligand-receptor interactions and downstream signal transduction path¬ 
ways. This strategy is synergistic with genomic and proteomic 
approaches and has yielded insights into the specialized nature of the 
target tissue microenvironment. However, for this vision to be realized, 
one must look, as recent literature suggests, beyond receptor levels and 
critically analyze ligand accessibility as a key determinant in pharma¬ 
codelivery systems. (Trends Cardiovasc Med 2008;18:126-133) © 2008, 
Elsevier Inc. 
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• Introduction and Challenge of 
Basic Premises 

The much-heralded era of personalized 
medicine has the potential to bring 
together therapeutic and diagnostic stra¬ 
tegies. Under this vision, each drug will 
have a companion diagnostic blood or 
imaging test to help treating physicians 
predict therapeutic response and/or 
monitor disease progression; in princi¬ 
ple, such merging (often referred to as 
theranostics) may encompass specific 
serum or tissue biomarkers, pharmaco- 
genomics, and molecular-genetic ima¬ 
ging studies, either as single agents or 
in combination (Warner 2004). Despite 
concerns and uncertainty over defini¬ 
tions, terminology, and cost, the US 
Food and Drug Administration has 
recently put forward the concept of 
“drug-diagnostic co-development" with 
guidelines to promote effective progress 
in this area (Hinman et al. 2006). In 


oncology, possible theranostic scenarios 
might comprise, for example, measuring 
tissue expression of receptors such as 
Her-2/Neu for monoclonal antibodies 
such as herceptin (Pritchard et al. 
2006), predicting the aggressive behavior 
of tumors by use of RNA microarrays 
(Van 't Veer et al. 2002), or detecting 
epithelial growth factor receptor muta¬ 
tions that determine tumor resistance 
to small molecules such as gefitinib 
(Kobayashi et al. 2005). 

Successful development of ligand- 
directed pharmacology in an era of 
theranostics will require thorough char¬ 
acterization of targeting ligands and 
their corresponding receptors, as well as 
a deep understanding of the resultant 
intracellular signaling cascades that yield 
a physiologic or pathologic readout. 
Although a large number of methods 
are available to identify novel ligands, 
receptors, or both, prioritization of can¬ 
didates remains a significant hurdle, for 
poor leads can create an enormous 
financial and time expenditure. New 
tactics are surfacing to streamline the 
discovery process. Recently, Cheng et al. 
described a new computational method 
to assess potential targetability or drugg- 
ability by affinity analysis of receptor 
structure (Cheng et al. 2007). This 
approach helps predict molecular targets 
suitable for therapeutic exploitation and 
potentially reduces pursuit of nonopti- 
mal receptors, but it also highlights the 
pressing need for screening and valida¬ 
tion approaches at multiple steps along 
the developmental pipeline and for inte¬ 
grative approaches for identification and 
candidate pursuit. 

Furthermore, it should logically fol¬ 
low that—beyond protein expression 
levels in tissues and mutational and/or 
epigenetic events—a central (yet often 
unrecognized or overlooked) aspect of 
directed therapies is the accessibility of 
target receptors to circulating ligands. 
Accessibility assumes particular impor¬ 
tance if the target is a cell-membrane- 
associated receptor whose expression is 
restricted to the endothelium of certain 
organs or is up-regulated in diseases 
featuring abnormal angiogenesis (such 
as cancer, proliferative retinopathies. 
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Figure 1 . Ligand-directed vascular targeting in normal and tumor settings. (A) Endothelial cells lining blood vessels in normal 
tissues form a tight physiologic barrier for circulating ligands and enable little or no passive extravasation. (B) In contrast, the 
vasculature in tumors is marked by an abnormal endothelium that enables "leakage” and binding of circulating ligands to extravascular 
receptor targets. 


rheumatoid arthritis, and others). 
A basic tenet of vascular targeting, by 
circulating ligands, is that the first cell 
layer a systemically administered agent 
will encounter is the vascular endothe¬ 
lium (Figure 1); the highly desired 
access to "outer” cell layers may also 
occur but depends on other variables 
such as circulation time, tissue-specific 
endothelial permeability, differential 
hydrostatic pressures, ligand/receptor- 
mediated internalization by endothelial 
cells, on/off target receptor rates, and 
activity of protein degradation mechan¬ 
isms (Carmeliet 2003, Hajitou et al. 
2006a, Neri and Bicknell 2005). These 
parameters (and perhaps others still un¬ 
known) will determine the net inside- 
out accessibility to endothelial, stromal, 
and parenchymal cells. 

By screening combinatorial peptide 
libraries on cells in vitro and in intact 
experimental animals and patients, our 
group—among others—has identified 
several tissue-specific and angiogenesis- 
related vascular “ZIP codes,” cell-surface 
receptors that enable ligand-directed 
homing through the circulation. Among 
these cell-surface receptors are certain 
integrins (Arap et al. 1998, Hajitou 
et al. 2006b), matrix metalloproteases 
(Koivunen et al. 1999), vascular endothe¬ 
lial growth factor receptors (Giordano 
et al. 2005), cytokine receptors (Su et al. 


2005, Zurita et al. 2004), stress-response 
chaperones (Arap et al. 2004), mem¬ 
brane-bound aminopeptidases (Essler 
and Ruoslahti 2002, Marchio et al. 
2004, Pasqualini et al. 2000), and even 
proteoglycans (Burg et al. 1999). Here we 
discuss the versatility of phage display- 
based technology as a functional ligand 
discovery platform, the diversity of the 
corresponding receptors, and concepts 
for future development. 

• Selection of Ligand-Receptors in a 
Functional Context 

From a purely genomics perspective, the 
identification of nucleic acid sequences 
encoding genes over-expressed in cancer 
(or in other human diseases) is typically 
the first step in the development of 
targeting strategies. To find such relevant 
molecules, paired cell or tissue samples 
of normal and tumor origin are analyzed. 
High-throughput screening methodolo¬ 
gies include complementary DNA 
(cDNA) microarrays, generation of 
expressed sequence tags (ESTs), serial 
analysis of gene expression (SAGE), and 
massive parallel sequence signatures 
(MPSS) (Adams et al. 1992, Brenner 
et al. 2000, DeRisi et al. 1996, St Croix 
et al. 2000). Whereas cDNA microarrays 
enable the quantification of messenger 
RNAs through the use of cDNA probes 


over a predefined population of spotted 
transcripts, the remaining techniques 
rely on cDNA sequencing to determine 
the frequency of the active transcripts 
in the biologic sample of interest. With 
this approach, differential transcript 
expression was identified in human 
cancer; moreover, although technically 
challenging, such analysis can be 
extended to subpopulations within the 
malignant compartment (i.e., tumor 
cells and possibly cancer stem cells) 
and nonmalignant compartment (i.e., 
stromal and endothelial cells) (St Croix 
et al. 2000). 

Although genomic studies and 
related proteomic studies do narrow 
the large list of molecular signatures 
of disease, identification of viable can¬ 
didates can remain difficult owing to 
large sets of potential receptors, com¬ 
plex cellular compositions of the tissue 
samples, translational and posttransla- 
tional modifications, and changes in 
protein localization in gene expression 
studies. It is often unsolved whether 
identified targets are uniquely localized 
to the cell surface in disease or even 
whether they contribute sufficiently to 
enable selective systemic targeting. 
Alternative methods for organ- or 
disease-specific targeting have been deve¬ 
loped to help circumvent these uncer¬ 
tainties, including recent work that used 
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circulating activated biotin as a screening 
tool for receptor identification (Roesli 
et al. 2006). However, although the 
above-mentioned approaches yield 
potential molecular receptors or tar¬ 
gets, they do not directly establish 
specific and clinically effective ligand/ 
receptor pairings. 

Thus, profiling techniques that 
address cell-surface localization and 
accessibility while simultaneously iden¬ 
tifying targeting sequences would be 
potentially advantageous. In essence, 
there are two main approaches for 
uncovering vascular targeting ligand- 
receptor systems based on direct protein 
interactions: in vitro or in vivo selection 
of combinatorial libraries and generation 
of monoclonal antibodies against anti¬ 
gens expressed in the endothelium; the 
latter was recently exploited for the 
development of novel tumor targeting 
moieties by fusion of monoclonal anti¬ 
body derivates (Wu et al. 2007). However, 
although there are critical elements and 
main conclusions that are shared by this 
and other targeting methodologies, we 
focus predominantly on the use of phage 
display as a functional screening method 
for the development of ligand-directed 
targeting systems. 

Phage display technology was origin¬ 
ally designed to identify binding sites of 
antibodies (“epitope mapping’’) (Scott 
and Smith 1990). This technique has 
since been greatly expanded to enable 
screening of the antibody repertoire in 
serum, the receptor diversity in isolated 
cell populations, and the heterogeneity 
of the vascular endothelium in animal 
models and in patients (Arap et al. 
2002, Hajitou et al. 2006a, Pentz et al. 
2005). In cancer, phage clones binding 
to membrane receptors often carry 
peptides that target readily accessible 
receptors, be they on cell surfaces of the 
tumor vascular endothelium, associated 
stromal elements, malignant cells per 
se, on some combination of these 
cellular compartments, and even on 
extracellular matrix. For the in vivo 
system, phage libraries display 10 9 or 
more unique peptide sequences on the 
minor coat protein to probe the recep¬ 
tor repertoire of cells in various organs 
of interest (Arap et al. 2004, Arap et al. 
1998). Enrichment of selective peptides 
can be monitored by DNA sequence 
analysis through multiple rounds of 
selection by comparing the frequency 


of repeated peptide sequences to both 
unselected library and control tissues. 
Analysis of peptides is carried out with 
basic local alignment search tool and 
ClustalW, along with other “off-the-shelf” 
and/or “customized" data mining appli¬ 
cations that can identify proteins with 
which the targeting peptides share 
sequence similarity and can align them 
to putative sites. This type of approach 
was used for several vascular receptors 
and their corresponding targeted 
peptide ligands (Arap et al. 2002, 
Koivunen et al. 1999, Marchio et al. 

2004, Pasqualini et al. 2000). Alterna¬ 
tively (or in addition to online similarity 
searches), classic biochelmistry metho¬ 
dology such as standard affinity chroma¬ 
tography also can be used (Giordano et al. 

2005, Kolonin et al. 2004, Rajotte and 
Ruoslahti 1999). 

• Cell-Bound Aminopeptidases as 
Prototypic Vascular Targets 

Remarkably, although the requirement 
of receptor accessibility in ligand-direc¬ 
ted pharmacodelivery would appear 
obvious (or at least intuitive), accessi¬ 
bility has been relatively little explored 
in a systematic manner. Critics and 
commentators have pointed out that 
the broad expression patterns of the 
receptors found by phage display tech¬ 
nology might often render them unsui¬ 
table as targets for ligand-directed 
intervention. As an illustrative proof- 
of-concept to address this scientific 
challenge and to advance knowledge 
about ligand-directed targeting, we 
focused on certain cell-membrane- 
associated aminopeptidases for several 
reasons (Marchio et al. 2004, Pasqualini 
et al. 2000). First, we have recently 
proposed disciplined and specific cri¬ 
teria to define ZIP codes accessible to 
the vascular endothelial cells, perivas¬ 
cular cells (pericytes), and even tumor 
cells in structural and mechanistic 
terms. Second, among the handful of 
targeted ligand-receptor systems uncov¬ 
ered by screening peptide libraries 
(Arap et al. 1998, Koivunen et al. 
1999, Zurita et al. 2004) and also by 
other vascular targeting strategies such 
as the hybridoma-free generation of 
monoclonal antibodies against tumor 
or tumor-associated antigens, at least 
three different aminopeptidases (ami- 
nopeptidase A [APA], aminopeptidase N 


[APN], and aminopeptidase P [APP]) 
have shown proven efficacy for phar¬ 
macodelivery in preclinical settings 
(Essler and Ruoslahti 2002, Marchio et 
al. 2004, Pasqualini et al. 2000). Third, 
nonmutually exclusive alternative 
mechanistic explanations involving con¬ 
formational active states (“phenotypic 
activation”) in tumors vs normal tissues 
have also been invoked in this matter 
(Curnis et al. 2002). Fourth, genetic 
knockouts have been made; and APA- 
null (Mitsui et al. 2003) and APN-null 
(Rangel et al. 2007) mice have been 
evaluated as tumor vascular ZIP codes. 
Fifth, although the cell-membrane- 
bound aminopeptidases are generally 
considered “ubiquitous” and often 
deemed poor ligand-directed delivery 
systems, they continually are identified 
as vascular targets in functional screen¬ 
ings outlined here (Essler and Ruoslahti 
2002, Marchio et al. 2004, Pasqualini et 
al. 2000). Therefore, how can one 
resolve this apparent paradox of recep¬ 
tor expression vs target accessibility? 

The aminopeptidases are a large 
family of enzymes involved in the 
maturation, regulation, and degradation 
of proteins. Aminopeptidase N (CD 13, 
E.C. 3.4.11.2; encoded by the ANPEP 
gene) is a zinc metalloproteinase that 
specifically cleaves N-terminal amino 
acid residues with neutral side chains 
(Look et al. 1989). Angiotensin III is the 
only known native substrate of APN, 
cleaving angiotensin III into angiotensin 
IV, which participates in the renin- 
angiotensin cascade by participating in 
neuronal signaling, as well as in the 
degradation of peptides in the intestinal 
brush border (Sjostrom et al. 2000). In 
contrast, APA (E.C. 3.4.11.7; encoded by 
the ENPEP gene) cleaves N-terminal 
glutamyl or aspartyl residues from poly¬ 
peptides. Like APN, APA also partici¬ 
pates in the renin-angiotensin system by 
converting angiotensin II to angiotensin 
III and also has links to the immune 
system via involvement in B-cell differ¬ 
entiation (Li et al. 1993). As a third 
example, APP (E.C. 3.4.11.9; encoded by 
the XPNPEP2 gene) is a GPI-linked 
membrane protein expressed on the 
surface of vascular endothelial and lym¬ 
phoid cells of various tissues (Lasch 
et al. 1998). This widely distributed 
hydrolase is specific for N-terminal 
imido bonds, which are common to 
several collagen degradation products, 
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neuropeptides, vasoactive peptides, and 
cytokines (Lendeckel et al. 2000). 

Phage display-based technology 
played a central role in establishing 
aminopeptidases as relevant molecular 
targets in angiogenesis (Marchio et al. 
2004, Pasqualini et al. 2000, Rangel 
et al. 2007), and we have indeed more 
broadly hypothesized that the renin- 
angiotensin system (hence APA and 
APN) may have a regulatory role in 
cancer-associated angiogenesis (Khakoo 
A et al. unpublished data). A functional 
role for APN in angiogenesis and tumor 
growth was noted when the tripeptide 
motif asparagine-glycine-arginine 
(NGR, single-letter code), recovered 
among the dominant peptide sequences 
during a combinatorial peptide library 
test in tumor xenograft models, was 
shown to localize strongly and specifi¬ 
cally to tumor blood vessels (Pasqualini 
et al. 2000). The corresponding receptor 
for the NGR motif was APN, which is 
present in angiogenic blood vessels 
(Pasqualini et al. 2000). We also 
showed that coupling the NGR motif 
to a cytotoxin (Arap et al. 1998) or 
fusing it to a synthetic proapoptotic 
peptidomimetic (Ellerby et al. 1999) 
increased antitumor efficacy compared 
with the nontargeted parental com¬ 
pounds; other groups observed similar 
effects by incorporating multiple 
NGR motifs into different recombinant 
cytokines (Curnis et al. 2002, Cumis 
et al. 2005) in preclinical models and 
quite recently in clinical trial settings 
(Bordignon C et al. unpublished). More 
recently, we demonstrated in APN-null 
mice that this enzyme affects patholo¬ 
gic angiogenesis while sparing embryo¬ 
nic vasculogenesis and physiologic 
angiogenesis (Rangel et al. 2007). Simi¬ 
larly, we showed that APA-binding pep¬ 
tides—such as the motif CPRECES— 
selectively targeted perivascular cells 
(pericytes) in angiogenic blood vessels 
and had potent antiangiogenic proper¬ 
ties (Marchio et al. 2004). Thus, we 
rationally designed studies to target this 
vascular receptor because APA is up- 
regulated and functional in activated 
pericytes of tumor blood vessels. With 
an entirely different phage display 
system in vivo, other investigators 
identified APP as a receptor selectively 
present in vasculature of normal and 
cancerous breast tissue in mice (Essler 
and Ruoslahti 2002). 


Given our working hypothesis that 
phage display-based combinatorial 
selections in vivo may yield comple¬ 
mentary, confirmatory, or at times a 
different set of targets than genomic or 
proteomic strategies, we asked what 
factors might form the basis for selec¬ 
tivity of receptors for targeted ligands. 
Among the possibilities are primary 
systemic accessibility via the circula¬ 
tion, in vivo microanatomic context, 
receptor-mediated internalization, or 
even known or as yet undetermined 
environment-dependent receptor fea¬ 
tures. Thus, one might conjecture that 
the membrane-bound aminopeptidases 
might have been recognized as poten¬ 
tial tumor vascular targets by use of 
genomics-based receptor discovery 
platforms (rather than selection by in 
vivo phage display). 

To that end, we evaluated the total set 
of human SAGE tags (18.7 million) and 
ESTs (5.9 million) available in the 
Cancer Genome Anatomy Project data¬ 
base (http://cgap.nci.nih.gov) and also 
performed MPSS analysis (http://mpss. 
licr.org) for gene expression of the 
aminopeptidases described above. 
Based on such analyses, we noted a 
relatively higher expression of APN 
(487 SAGE tags, 383 ESTs), lower 
expression of APA (27 SAGE tags, 148 
ESTs), and a rare expression of APP 
(four SAGE tags, 29 ESTs); a similar 
pattern of gene expression also emerged 
from MPSS. 

For a more detailed evaluation of 
gene expression of these three enzymes 
in tumor and nontumor tissues, we 
focused our analysis on SAGE tags 
produced for selected tissues (n = 8) for 
which tumor and nontumor sequences 
are available (Figure 2). From SAGE 
data, APA is abundantly expressed in the 
vasculature and kidney, whereas APN 
showed high expression in kidney, colon, 
breast, prostate, and vasculature. With 
respect to tumor vs nontumor tissues, 
APA appears down-regulated in kidney 
and liver tumors and up-regulated in 
lung and brain tumors, as well as in 
tumor vasculature. By contrast, the 
data suggest that APN is up-regulated 
in brain and lung tumors but down- 
regulated in cancers of colon, kidney, 
and liver, along with tumor vasculature. 
No appreciable expression variation was 
observed for APA or APN between non¬ 
tumor/tumor pairs in prostate or breast. 


We have previously established that 
endothelial cells and perivascular cells 
(presumably pericytes) in human 
breast carcinoma express APN, 
whereas blood vessels in normal breast 
tissue are essentially negative (Pasqua¬ 
lini et al. 2000). In contrast, SAGE 
data illustrates positive expression of 
APN and no significant difference in 
transcripts between normal and tumor 
tissue (Figure 2). These data are 
further corroborated by LongSAGE 
data, where analysis of 9 x 10 5 tags 
from breast tissue showed an average 
of 5.02 tags per 2 x 10 s tags in 
nontumor tissue and 5.3 per 2 x 10 s 
tags in cancer samples (data not 
shown). LongSAGE provides greater 
confidence in consistent identification 
because probes are larger and more 
specific (Saha et al. 2002). Notably, 
these SAGE libraries came from bulk 
tissue; and a very different picture 
might have emerged if the vasculature 
had been microdissected so that its 
specific markers would not have been 
“diluted” among genes of the tissues as 
a whole. Finally, APP could only be 
detected in the most sequenced tissues 
and with too few tags through this 
approach to enable meaningful conclu¬ 
sions. This analysis clearly indicates 
that although the transcriptional pro¬ 
gram may largely define cells and 
tissues in terms of morphology and 
physiology, the identification of mar¬ 
kers based on transcriptional compar¬ 
ison of all genes in a biologic sample is 
markedly complicated by the extreme 
abundance of a few transcripts, leaving 
the less abundant genes far below the 
significance cutoff. 

In conclusion, although there are 
relevant factors to consider in SAGE 
tag analysis, such as tissue- and cell- 
type contributions, sample numbers, 
SAGE library availability, and total 
tags generated, the aggregate of the 
data point to ubiquitous gene expres¬ 
sion patterns of aminopeptidases and 
only modest expression changes 
between nontumor/tumor pairs. Thus, 
it is unlikely that one would identify 
membrane-bound aminopeptidases as 
candidate targets by these genetic 
approaches in isolation. Such conclu¬ 
sions are in line with the reported 
widespread expression of these proteins, 
hence the apparent paradox (Li et al. 
1993, Look et al. 1989). 
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Figure 2. Genomic analysis of aminopeptidase expression. APA and APN transcripts are used. The SAGE data obtained from nontumor and 
tumor samples are depicted. Values are normalized as percentage of tags identified from the total pool of analyzed SAGE tags. 


• Receptor Expression Level vs 

Accessibility to Circulating Ligands: 
Critically Reconciling a Vascular 
Targeting Paradox 

Reconciliation of the data on gene 
expression levels with the data obtained 
by in vivo phage display in preclinical 
models is possible through a simple 
validation assay after the distribution of 
intravenously administered specific anti¬ 
bodies. Endothelial cells lining the vas¬ 
cular system are known to influence 
protein expression within the tissue 
microenvironment (Lammert et al. 
2001). These cells form the primary 
physiologic barrier between blood and 
the tissue surrounding blood vessels. 
Thus, in a reductionist view, agents 
circulating in the bloodstream might 
readily target luminally expressed sur¬ 
face receptors on normal endothelial 
cells and would not have immediate 
access to cell-surface receptors expressed 
in deeper tissue layers. In contrast, at 
sites in which the vascular system is 
abnormally structured or has lost its 
normal physiologic barrier function— 
such as in the angiogenic vasculature in 


cancer—targets outside of blood vessels 
might be accessible and successfully 
targeted (Carmeliet 2003, Marchio et al. 
2004, Pasqualini et al. 2000). 

Supporting the SAGE tag analysis, 
immunohistochemical detection of cell- 
bound APN (Figure 3) indicates strong 
immunoreactivity in the renal tubules of 
the normal mouse kidney (Figure 3A) and 
in the pericytes lining brain capillaries 
(Figure 3B). However, after intravenous 
administration of the same antibody 
against APN and a 24-hour rather than 
the more conventional ~5-min circulation, 
immunohistochemical analysis did not 
detect presence of the antibody within the 
kidney (Figure 3C) or the brain (Figure 3D). 
Consistent with a previous report (Mentzel 
et al. 1999), we have obtained similar 
results with anti-APA antibodies. 

In previous work, we have shown that 
both APA and APN expressions localize to 
pericytes lining blood vessels in tumors 
(Marchio et al. 2004, Pasqualini et al. 
2000), confirmed through confocal micro¬ 
scopy and colocalization with the estab¬ 
lished pericyte markers NG2 proteoglycan, 
desmin, and aSMA (Figure 2E-G) (Mor- 
ikawa et al. 2002). After systemic (intrave¬ 


nous) administration of specific antibodies 
against APA or APN, the distribution of 
detectable APA and APN parallels what is 
seen with standard immunohistochemical 
detection (Figure 2H and I). Whereas 
kidney and brain express high levels of 
both targets, the vasculature shields par¬ 
enchymal cells that may express the target 
from being reached by the probes. In 
contrast, the "leaky” vasculature within 
tumors enables extravasation and binding 
to target-expressing cells, including par¬ 
enchymal and immune cells (Carmeliet 
2003, Neri and Bicknell 2005). These 
results point to a clear advantage of 
functional screening assays for target 
identification and validation, relative to 
current "omics” methodologies. Vascular 
endothelial cells and pericytes account for 
a very minor percentage of the total cell 
population, as evidenced by the small 
contribution of APA and APN transcripts 
to the overall transcript levels (Figure 2). 
Yet, screening with in vivo phage display 
did identify these novel regulators 
of angiogenesis. Together, these data sup¬ 
port the significance of target accessibility 
as a central factor in our understanding 
of normal and tumor cell behavior. 
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Figure 3. Protein expression vs accessibility of aminopeptidases. (A, B) Double-immunofluorescence images identify blood vessels (green ) and 
APN immunoreactivity (red) in normal kidney tubules and in pericytes lining normal brain capillaries. (C, D) After systemic (intravenous) 
administration of specific anti-APN antibodies (clone R3-63; AbD Serotec), APN immunoreactivity (red) is not detected in the kidney or 
brain. (E-G) Confocal micrographs in an isogenic mouse mammary tumor (Hajitou et al. 2006b) established the localization of APA 
expression (E, red) to pericytes identified by expression of the NG2 pericyte marker (F, red) associated with tumor blood vessels (green ); 
APA (blue) and NG2 (red) colocalize in pericytes (G). (H, I) Intravenous administration of anti-APN antibodies illustrates accessibility of 
APN expressed on extravascular cells (H, red) including pericytes (H, red, arrow) associated with tumor blood vessels (green), whereas a 
control immunoglobulin G is minimally detected (I, red). 


• Conclusions and Future Directions 

Future development of new pharmacolo¬ 
gic agents based on peptide ligands 
requires the integration of therapeutics 
and diagnostics into theranostics. Reli¬ 
able and sensitive methodologies that 
enable targeted molecular imaging are 
essential for rational targeted drug devel¬ 
opment. To that end, the selection of 
combinatorial phage display libraries in 
vivo can be used as functional screens to 
identify selective and accessible vascular 


ligand/receptor systems. The use of novel 
ligand-directed hybrid vectors such as 
adeno-associated virus phage (Flajitou et 
al. 2006b) and combinations of targeting 
peptidomimetics and cytotoxic agents 
(Arap et al. 1998) or radiologically visua- 
lizable agents will enable relatively selec¬ 
tive destruction of pathologic vasculature 
and tumors, and molecular-genetic ima¬ 
ging of angiogenesis-related or tissue- 
specific vascular endothelium markers. 
Moreover, these strategies may dovetail 
to enable compressed drug development 


timelines and greater efficiency through 
“phase zero’’ trials conducted under the 
Exploratory Investigational New Drug 
Guidance from the Food and Drug 
Administration (Kummar et al. 2007). 
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• Introduction 

Nearly nine million people in the United 
States have chronic stable angina pec¬ 
toris caused by flow-limiting coronary 
atherosclerosis (Rosamond et al. 2007). 
Mechanical revascularization with per¬ 
cutaneous coronary angioplasty/stent¬ 
ing or coronary artery bypass surgery 
is largely effective at relieving angina 
when medications alone fail to con¬ 
trol symptoms. Unfortunately, many 
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patients with chronic angina are anato¬ 
mically unsuitable for mechanical revas¬ 
cularization or continue to have a 
significant degree of ischemia despite 
these procedures. 

The coronary microcirculation is a 
vast plexus of interconnecting arterioles 
and capillaries, although under normal 
conditions there is little collateral blood 
flow between epicardial vascular terri¬ 
tories. As atherosclerosis progressively 
limits antegrade epicardial blood flow, 
changes in hemodynamic forces initiate 
a complex process of microvascular 
remodeling that promotes the develop¬ 
ment of collateral circulation (Schaper 
and Ito 1996). Although the term angio¬ 
genesis is frequently used to refer to the 
global process of collateral blood vessel 
formation, it more precisely refers to 
the sprouting of new capillary networks 
(Carmeliet 2000). Arteriogenesis refers 
to the process of investing either nas¬ 
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cent or preexisting capillary channels 
with smooth muscle cells to form 
conduit arterioles. Of these two inter¬ 
related but distinct processes, arterio¬ 
genesis is likely the more critical in terms 
of being able to meaningfully augment 
collateral blood flow to ischemic myo¬ 
cardium subtended by occluded first- and 
second-order epicardial vessels. Nearly 
all patients with chronic angina form 
collateral vessels to some variable degree, 
with those >100 ,um in diameter being 
visible to the naked eye during coronary 
angiography (Figure 1). Although collat¬ 
eral blood flow is often sufficient to 
prevent ischemia at rest, in approxi¬ 
mately two-thirds of patients, there is 
insufficient flow augmentation to pre¬ 
vent angina during exercise (Pohl et al. 
2001). The goal of therapeutic angio-/ 
arteriogenesis is to relieve effort-induced 
angina pectoris by increasing blood 
flow to areas of ischemic myocardium 
via the development of new or the 
enhancement of existing coronary col¬ 
lateral blood vessels. 

• Biology of Fibroblast Growth 
Factor 4 

Angiogenesis and arteriogenesis involve 
a complex interplay between an array of 
different growth factors and target 
effector cells. One class of growth 
factors that is as an important mediator 
of these processes is the fibroblast 
growth factor (FGF) family. The FGF 
family comprises 22 distinct polypep¬ 
tide growth factors composed of 150 to 
250 amino acids that share 15% to 65% 
homology (Itoh 2007). Many of the 
FGFs bind anionic glycosaminoglycans, 
such as heparan and heparin sulfate, 
and are therefore referred to as heparin¬ 
binding growth factors. Heparan sulfate 
expressed on cellular surfaces facilitates 
the binding of FGFs to one of four high- 
affinity receptors (FGFR1-4) with tyro¬ 
sine kinase activity. Binding of FGFs to 
their receptors can stimulate a wide 
array of signaling pathways (Dailey et 
al. 2005). Differential control of signal 
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Epidermal Growth Factor Receptor Abnormalities in the Pathogenesis and 
Progression of Lung Adenocarcinomas 


Ximing Tang , 1 Marileila Varella-Garcia , 3 Ana C. Xavier , 3 Erminia Massarelli , 1 Natalie Ozburn , 1 
Cesar Moran 2 and Ignacio I. Wistuba 1,2 


Abstract To identify the characteristics and sequence of epidermal growth factor receptor (EGFR) 
abnormalities relevant to the pathogenesis and progression of lung adenocarcinoma, we per¬ 
formed a precise mapping analysis of EGFR mutation, gene copy number, and total and phos- 
phorylated EGFR protein expression for the same tissue sites. We examined normal bronchial 
and bronchiolar epithelium (NBE) and tumor tissues obtained from 50 formalin-fixed lung 
adenocarcinomas, including 24 EGFR-mutant primary tumors with nine corresponding lymph 
node metastases and 26 wild-type primary tumors. NBE in 12 of 24 (50%) mutant and 3 of 26 
(12%) wild-type tumors harbored EGFR mutations; these NBE also showed a lack of EGFR 
copy number increase and frequent EGFR (69%) and phosphorylated EGFR (33%) overex¬ 
pression. EGFR mutation and protein overexpression were more frequent in NBE sites within 
tumors than in NBE sites adjacent to and distant from tumors, suggesting a localized field 
effect. Sites with high and low EGFR copy numbers were heterogeneously distributed in six 
of nine primary tumors and in one of eight metastases. EGFR protein overexpression was sig¬ 
nificantly higher in metastasis sites than in primary tumors. We conclude from our findings that 
EGFR mutations and protein overexpression are early phenomena in the pathogenesis of lung 
adenocarcinoma and that EGFR mutation precedes an increase in gene copy number. In 
EGFR-mutant adenocarcinoma metastases, the higher levels of EGFR overexpression and 
more homogeneously distributed high gene copy numbers suggest tumor progression. Our 
findings have important implications for the development of new strategies for targeted che- 
moprevention and therapy in lung adenocarcinoma using EGFR inhibitors. 


Epidermal growth factor receptor (EGFR), a tyrosine kinase 
(TK) member of the ErbB family, has shown frequent abnorm¬ 
alities in non-small cell lung carcinomas. These abnormalities 
include protein overexpression, gene amplification, and muta¬ 
tion (1-3). Somatic EGFR mutations have been identified in 
specific subsets of patients with lung adenocarcinoma, includ¬ 
ing never or light smokers, women, and patients of East Asian 
descent (4). The mutations cluster in the first four exons 
(18-21) of the TK domain of the gene, and ~90% of the muta¬ 
tions are composed of either an in-frame deletion in exon 19 or 
a specific missense mutation in exon 21 (4). An increase in 
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EGFR gene copy number, including high polysomy and gene 
amplification shown by fluorescent in situ hybridization 
(FISH), has been detected in 22% of patients with surgically 
resected (stages I-IIIA) non-small cell lung carcinomas and 
correlated with EGFR protein overexpression (2). Higher fre¬ 
quencies (40-50%) of EGFR high copy number have been re¬ 
ported in patients with advanced non-small cell lung 
carcinomas (5-10). Despite this knowledge, limited informa¬ 
tion is available on the role of EGFR abnormalities in the early 
pathogenesis and progression of lung adenocarcinomas. 

Recently, we showed that mutation of the EGFR TK domain 
is an early event in the pathogenesis of lung adenocarcinoma 
and is detected in histologically normal bronchial and bronch¬ 
iolar epithelium (NBE) in 43% of patients with EGFR-mutant 
tumors (11). We found that EGFR mutations were more fre¬ 
quent in normal epithelium within the tumor (43%) than in 
adjacent sites (24%), suggesting a localized field effect (11). 
However, no comprehensive information is available regard¬ 
ing the role of EGFR abnormalities, including gene mutation, 
increased copy number, and protein overexpression in the 
early pathogenesis and progression of lung adenocarcinomas. 

Both EGFR gene mutations and high copy number 
(gene amplification and high polysomy identified by FISH) 
have been associated with sensitivity to the small-molecule 
TK inhibitors gefitinib and erlotinib in patients with lung 
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adenocarcinoma (5-18). However, some of these results have 
been rather controversial (9, 10,19, 20). In these studies of ge- 
fitinib and erlotinib, most of the EGFR mutation and copy 
number analyses were done in very small tissue samples or 
in cytologic specimens obtained from primary tumor and me¬ 
tastasis sites in patients with advanced-stage lung cancer (5-9, 
12-16). To date, no studies have been done to identify the char¬ 
acteristics of EGFR gene and protein expression abnormalities 
at different sites with respect to primary lung adenocarcino¬ 
mas and in corresponding sites of metastasis, information that 
might resolve some of the controversy. 

To identify the sequence of EGFR abnormalities involved in 
the pathogenesis and progression of lung adenocarcinoma, we 
did a precise mapping analysis correlating EGFR mutation, 
gene copy number, and protein expression in NBE fields, pri¬ 
mary tumors, and corresponding lymph node metastases that 
were obtained from 50 patients with lung adenocarcinomas, 
including 24 patients with EGFR-mutant primary tumors with 
nine corresponding lymph node metastasis sites and 26 pa¬ 
tients with EGFR-wild-type primary tumors. 

Materials and Methods 

Case selection 

To map EGFR gene and protein expression abnormalities, we 
obtained formalin-fixed, paraffin-embedded lung adenocarcinoma tis¬ 
sue specimens from the Lung Cancer Specialized Program of Research 
Excellence Tissue Bank at The University of Texas M. D. Anderson 
Cancer Center (Houston, TX). The tumor tissue specimens came from 
50 patients with surgically resected lung adenocarcinomas (tumor- 
node-metastasis stage I-IIIA) with known EGFR mutations in exons 
18 to 21, as described previously (3, 11). This bank was approved by 
the M. D. Anderson Cancer Center Institutional Review Board. 

Of these 50 patients, 24 patients had lung adenocarcinoma with 
EGFR mutations in exon 18 (n = 1), exon 19 (n = 13), and exon 21 
(n = 10), and 26 patients had EGFR-wild-type lung adenocarcinoma. 
The patients' clinicopathologic features are summarized in Table 1. All 
lung adenocarcinomas were of mixed histologic subtype (WHO clas¬ 
sification; ref. 21). None of the patients had received cytotoxic and/or 
targeted therapy. Clinical staging was based on the revised Interna¬ 
tional System for Staging Lung Cancer (22). 

EGFR abnormality mapping 

We retrospectively reviewed H&E-stained histology sections of pri¬ 
mary tumor, lymph node metastases, and adjacent normal lung tissue 
specimens to identify tissue foci available for EGFR abnormality ana¬ 
lyses. The EGFR abnormalities included EGFR mutations in exons 18 
and 21, as shown by microdissection and PCR-based sequencing; 
EGFR copy number, as shown by FISH; and total EGFR and phos- 
phorylated EGFR (pEGFR), as shown by immunohistochemical ana¬ 
lyses. Representative examples of these molecular changes are 
illustrated in Fig. 1. 

We used serial 5-gm-thick histology sections for the tissue microdis¬ 
section, FISH, and immunohistochemical analyses. We identified a 
total of 316 noncontiguous tumor and epithelial foci from among 142 
NBE specimens (obtained from 50 patients; 2.84 sites/patient), 144 pri¬ 
mary tumors (from 50 patients; 2.88 sites/patient), and 30 lymph node 
metastases (from 9 patients; 3.3 sites/patient). We examined NBE and 
primary tumors in both EGFR-mutant and EGFR-wild-type cases and 
metastasis sites in EGFR-mutant cases only. All epithelial foci consisted 
of normal or mildly hyperplastic epithelia that harbored small bronchi 
(65 sites) and bronchioles (77 sites). 

The NBE specimens were obtained from three different locations 
based on their relationship to the tumors: within the tumor (47 sites), 
<5 mm from the tumor margin (adjacent to tumor; 63 sites), and 


Table 1 . Clinicopathologic features of patients with 
lung adenocarcinomas examined for EGFR 
abnormalities in tumors and adjacent normal 
epithelium 

Features/samples 


EGFR status 



Mutant 

Wild-type 

Total 


(n = 24) 

(n = 26) 

(n = 50) 

Mean age (y) 

61.3 

62.7 

62.1 

Gender 

Female 

19 (79%) 

13 (50%) 

32 

Male 

5 (21 %) 

13 (50%) 

18 

Ethnicity 

East Asian 

13 (54%) 

9 (35%) 

22 

Not East Asian 

11 (56%) 

17 (65%) 

28 

Smoking history 

Never 

16 (67%) 

9 (35%) 

25 

Former 

7 (29%) 

10 (38%) 

17 

Current 

1 (4%) 

7 (27%) 

8 

Stage of disease 

1 

11 (46%) 

15 (58%) 

26 

li 

5 (21 %) 

4 (15%) 

9 

MIA 

8 (33%) 

7 (27%) 

15 


>5 mm from the tumor margin ("distant" lung; 32 sites). We did not 
detect squamous metaplastic or dysplastic lesions in the bronchial 
structures or atypical adenomatous hyperplasias in the alveolar tis¬ 
sue. We identified small bronchi on the basis of well-defined smooth 
muscle and discontinuous cartilage layers. Bronchioles were defined 
as small conducting airways lacking well-defined smooth muscle 
wall or cartilage layers. We assessed the location of the small bron¬ 
chial and bronchiolar respiratory epithelium examined for EGFR ab¬ 
normalities based on the epithelia's location in relation to the tumor 
tissue in the corresponding histology sections, as previously de¬ 
scribed (11). 

Microdissection and DNA extraction 

Approximately 1,000 cells were precisely microdissected from 
8-pm-thick, H&E-stained, formalin-fixed, paraffin-embedded histol¬ 
ogy sections for each site using laser capture microdissection (Arc- 
turus Engineering Laser Capture Microdissection System; MDS 
Analytical Technologies), as previously described (11). To prevent 
the nonspecific binding of the mutant cells to the microdissection 
cap film, the microdissected tissue samples were redissected from 
the film under stereomicroscope visualization using fine needles 
(25-gauge 5/8-inch needles). We then extracted the DNA using 
25 pL of PicoPure DNA Extraction solution containing proteinase K 
and incubated the DNA at 65°C for 20 h. Subsequently, proteinase K 
was inactivated by heating samples at 95°C for 10 min. 

EGFR mutation analysis 

Exons 18 and 21 of EGFR were PCR-amplified using DNA ex¬ 
tracted from microdissected NBE and tumor cells, as previously de¬ 
scribed (3, 11). Each PCR was done using HotStarTaq Master Mix 
(Qiagen) for 40 cycles at 94°C for 30 s, 63°C for 30 s, and 72°C for 
30 s, followed by a 7-min extension at 72°C. PCR products were 
directly sequenced using the Applied Biosystems PRISM dye termi¬ 
nator cycle sequencing method (Perkin-Elmer Corp.). We confirmed 
all sequence variants by independent PCR amplifications from at 
least two independent microdissections and sequenced the variants 
in both directions. 
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EGFR FISH analysis 

We analyzed the gene copy number per cell using the LSI EGFR 
SpectrumOrange/CEP 7 SpectrumGreen Probe (Abbott Molecular), 
as previously described (5). Histology sections were incubated at 
56°C overnight and deparaffinized by washing in CitriSolv (Fisher 
Scientific). After incubation in 2x SSC buffer (pH 7.0) at 75°C for 15 
to 25 min, the histology sections were digested with proteinase K 
(0.25 mg/mL in 2x SSC) at 37°C for 15 to 25 min, rinsed in 2x SSC 
(pH 7.0) at room temperature for 5 min, and dehydrated using ethanol 
in a series of increasing concentrations (70%, 85%, 100%). We applied 
the EGFR SpectrumOrange/CEP 7/SpectrumGreen probe set (Abbott 
Molecular) onto the selected area, according to the manufacturer's 
instructions, on the basis of the tumor foci seen on each slide. We then 
covered the hybridization area with a glass coverslip and sealed the 
coverslip with rubber cement. The slides were incubated at 80°C for 
10 min for codenaturation of chromosomal and probe DNA and then 
placed in a humidified chamber at 37°C for 20 to 24 h to allow hybri¬ 
dization to occur. Posthybridization washes were done in 1.5 mol/L of 
urea and 0.1 x SSC (pH 7.0-7.5) at 45°C for 30 min and in 2x SSC for 
2 min at room temperature. After the samples were dehydrated in a 
series of increasing ethanol concentrations, 4',6'-diamidino-2-pheny- 
lindole (0.15 mg/mL in Vectashield Mounting Medium; Vector 
Laboratories) was applied for chromatin counterstaining. FISH analy¬ 
sis was done independently by two authors (M. Varella-Garcia and A. 
C. Xavier), who were blinded to the patients' clinical characteristics 
and all other molecular variables. Patients were classified into six 
FISH strata according to the frequency of cells with the EGFR gene 


copy number and referred to the chromosome 7 centromere, as fol¬ 
lows: (a) disomy ( >3 copies in <10% of cells); (b) low trisomy (3 copies 
in 10% to 40% of the cells, >4 copies in <10% of cells); (c) high trisomy 
(3 copies in >40% of cells, >4 copies in <10% of cells); ( d ) low polys- 
omy (>4 copies in 10M0% of cells); (e) high polysomy (>4 copies in 
>40% of cells); and (f) gene amplification (ratio of EGFR gene to chro¬ 
mosome >2, presence of tight EGFR gene clusters and 15 copies of 
EGFR per cell in 10% of the analyzed cells). The high polysomy and 
gene amplification categories were considered to be high EGFR copy 
number, and the other categories were considered to be nonincreased 
EGFR copy number, as previously published (5). Analysis was done in 
approximately 50 nuclei per tumor and epithelial site, and the section 
of the area was guided by image captured in the H&E-stained section. 

Immunohistochemical staining 

Tissue histology sections for immunohistochemical analyses were 
deparaffinized, hydrated, heated in a steamer for 10 min with 
10 mmol/L of sodium citrate (pH 6.0) for antigen retrieval, and 
washed in Tris buffer. Peroxide blocking was done with 3% H 2 0 2 
in methanol at room temperature for 15 min, followed by 10% bovine 
serum albumin in TBS with Tween 20 for 30 min at room tempera¬ 
ture. For the EGFR analysis, tissue sections were incubated for 2 h 
with primary antibodies against the EGFR clone 31G7 (1:100 dilution; 
Zymed) and pEGFR Tyr 1086 (1:100 dilution; Invitrogen). Tissue sec¬ 
tions were then incubated for 30 min with the secondary antibody 
(EnVision+ Dual Link labeled polymer; DAKO), after which diamino- 
benzidine chromogen was applied for 5 min. The slides were then 
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Fig. 1 . A representative case of EGFR-mutant lung adenocarcinoma: EGFR gene and protein expression abnormalities in NBE (A-F), primary tumor (F-J), and 
lymph node metastasis (K-O) sites. Histologic characteristics (4, F, and K) of tissue sections stained with H&E (magnification, xlOO). PCR-based EGFR sequencing 
(B, G and L) of the same EGFR mutation in exon 21 (L858R, black arrowhead) in NBE (B), primary tumor (G), and lymph node metastasis sites (/_). EGFR FISH analysis 
(C, H and M) of low trisomy (low copy number) in the NBE sample (C), high polysomy in the primary tumor site (H), and gene amplification (M) in the metastasis site. 
Immunohistochemical analysis (D, I, N, E, J, and O) of high EGFR and pEGFR expression in the membrane and cytoplasm in all three types of samples. 
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Table 2. Frequency of EGFR gene mutation and protein overexpression in histologically normal bronchial and 
bronchiolar epithelium obtained from EGFR-mutant and wild-type lung adenocarcinomas 


EGFR abnormality in NBE 


Cases 



Sites 


Mutant 

Wild-type 

Total 

Mutant 

Wild-type 

Total 

Mutation by sequencing 







Number 

24 

26 

50 

85 

57 

142 

Mutant 

12 (50%)* 

3 (12%)* 

15 (30%) 

22 (26%) 

8 (14%) 

30 (21 %) 

Protein overexpression by immunohistochemistry' 






Number 

23 

26 

49 

78 

56 

134 

EGFR 

19 (83%) 

15 (58%) 

34 (69%) 

52 (67%) 

35 (63%) 

87 (65%) 

pEGFR 

10 (44%) 

6 (23%) 

16 (33%) 

24 (31%) 

12 (21%) 

36 (27%) 


*P = 0.003. 

*Positive immunohistochemical overexpression score >200 (range, 0-400). 


counterstained with hematoxylin and topped with a coverslip. For 
EGFR and pEGFR expression, antibody specificity was confirmed 
using blocking peptide and phosphatase incubation experiments. 
For the control experiments, we used formalin-fixed and paraffin-em¬ 
bedded pellets from lung cancer cell lines with confirmed EGFR and 
pEGFR overexpression. Thyroid transcription factor-1 (TITF-1) anti¬ 
body (1:100 dilution. Cell Marque) was used for the identification 
of TITF-l-positive cells. All four antibodies were incubated for 
1.5 h at room temperature. Immunohistochemistry results were 
scored jointly by two authors (X. Tang and I.I. Wistuba), who were 
blinded to clinical and other molecular variables. Immunostaining of 
the cell membrane and cytoplasm for EGFR and pEGFR was evalu¬ 
ated by light microscopy (magnification, x20). A semiquantitative 
approach was used to generate a score for each tissue site, as pre¬ 
viously described (2, 23, 24). Membrane and cytoplasm stains were 
recorded separately. We defined the intensity score as follows: 0, no 
appreciable staining in the NBE or malignant cells; 1, barely detect¬ 


able staining in NBE or malignant cells compared with the stromal 
elements; 2, readily appreciable staining; 3, dark brown staining of 
cells; and 4, very strong staining of cells. The score was also based 
on the fraction of cells showing a given staining intensity (0-100%). 
We calculated the immunohistochemical scores by multiplying the in¬ 
tensity and extension, and the scores ranged from 0 to 400. For the 
statistical analyses, scores of 0 to 200 signified negative/low expres¬ 
sion, and scores >200 indicated positive/overexpression, as pre¬ 
viously reported (2, 23, 24). For the evaluation of nuclear TITF-1 
immunohistochemical expression, 200 epithelial cells were quantified 
by light microscopy (magnification, x20), and a score (range, 0-100) 
expressing the percentage of positive cells was obtained. 

Statistical analysis 

All relationships between categorical variables were assessed using 
X 2 and Fisher's exact tests. P < 0.05 values were considered statistically 
significant. 


Table 3. EGFR mutation and protein overexpression in histologically normal epithelium by location 


EGFR abnormality in NBE 

Location in relation to the tumor 


Structure 



Inside 

Adjacent 

Distant 

Bronchiole 

Small bronchus 

Mutation 

Mutant tumor 

11/31 (36%)* 

10/35 (29%) 

1/17 (6%)* 

10/43 (23%) 

12/42 

(29%) 

Wild-type tumor 

2/15 (13%) 

3/28 (11 %) 

1/15 (7%) 

4/34 (12%) 

2/23 

(9%) 

All tumors 

13/46 (28%) 

13/63 (21%) 

2/32 (6%) 

14/77 (19%) 

14/65 

(22%) 

EGFR overexpression* 

Mutant tumor 

24/29 (83%)* 

20/33 (61 %)* 

8/16 (50%)* 

18/38 (47%) § 

34/40 

(85%) § 

Wild-type tumor 

10/15 (67%) 

17/28 (61 %) 

8/13 (62%) 

14/33 (42%) § 

21/23 

(91 %) § 

All tumors 

34/44 (77%) 

37/61 (61%) 

16/29 (55%) 

32/71 (45%) § 

55/63 

00 

->J 

Np 

0 s - 

'~^cn 

pEGFR overexpression* 

Mutant tumor 

13/29 (45%)" 

5/33 (15%)" 

6/16 (38%)" 

10/38 (26%) 

14/40 

(35%) 

Wild-type tumor 

5/15 (33%) 

5/28 (18%) 

2/13 (15%) 

2/33 (6%) § 

10/23 

(44%)® 

All tumors 

18/44 (41%) 

10/61 (16%) 

8/29 (28%) 

12/71 (17%) 11 

24/63 

(38%) 11 


‘Comparison of NBE from inside tumor vs. NBE distant (P = 0.02). 

+ Positive immunohistochemical overexpression score >200 (range 0-400). 
^Comparison of NBE from inside tumor vs. NBE adjacent + distant (P = 0.02) 
Comparison of NBE from bronchiole vs. small bronchus (P < 0.001). 
Comparison of NBE from inside tumor vs. NBE adjacent + distant (P = 0.038). 
Comparison of NBE from bronchiole vs. small bronchus (P = 0.006). 


www.aacrjournals.org 


195 


Cancer Prev Res 2008;1(3) August 2008 















Cancer Prevention Research 


Results 

EGFR abnormalities in the early pathogenesis of lung 
adenocarcinomas 

Patterns of EGFR mutation in NBE. We previously reported 
our finding of mutations in exons 19 and 21 of EGFR in at least 
one site of microdissected NBE obtained from lung cancer 
specimens from 9 of 21 (43%) patients with EGER-mutant 
adenocarcinomas, with no such mutations found in any of 26 
respiratory epithelium foci from 16 patients with wild-type 
tumors (11). In the present study, using the same methodol¬ 


ogy, we analyzed for EGFR mutation in NBE obtained from 
an additional 3 patients with an EGER-mutant and 10 patients 
with EGER-wild-type lung adenocarcinomas. Combining 
both data sets, the overall rate of mutation in NBE from 
EGER-mutant tumors was 50%. In the wild-type tumor cases, 
we detected EGFR exon 19 deletions (15 bp, 746-750) in six 
sites of small bronchial ( n = 4) and bronchiolar (n = 2) NBE 
obtained from three wild-type tumors (Table 2). Thus, an 
EGFR mutation was found in NBE in 3 of 26 (12%) wild-type 
adenocarcinomas and in 8 of 57 (14%) of the microdissected 
epithelial sites (Table 2). 



Fig. 2. A, EGFR mutation pattern in 56 primary tumor and 30 lymph node metastasis sites obtained from nine patients with EGFR -mutant lung adenocarcinomas. 
A homogeneous mutation pattern was detected in five primary tumors (cases 2, 3, 4, 7, and 9) and all but one (case 6) metastasis case. Case 6, mixed wild-type 
and mutant sites in both primary tumor sites and corresponding metastases. B, EGFR copy number pattern shown by FISH in 42 primary tumor and 29 lymph 
node metastasis sites obtained from nine patients with EGFR-mutant lung adenocarcinomas. Different FISH copy number categories (low vs. high) were found in 
six of nine primary tumors and in one of eight corresponding metastases. Positive EGFR FISH expression included high polysomy and gene amplification, and 
negative EGFR FISH expression included disomy and trisomy. 
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Table 4. Summary of EGFR abnormalities by sites 
in nine primary lung adenocarcinomas and 
corresponding lymph node metastases 


EGFR abnormality/ 
number of sites 

Primary tumor 

Metastases 

Mutation 

Number of sites examined 

56 

30 

Mutation positive 

54 (96%)* 

25 (83%)* 

Copy no. 

Number of sites examined 

42 

29 

Low copy no. 

9 (21 %) 

4 (14%) 

High copy no. 

33 (79%) 

25 (86%) 

High polysomy 

22 (52%) 

18 (62%) 

Gene amplification 

11 (26%) 

7 (24%) 

Protein overexpression t 

Number of sites examined 

65 

31 

EGFR 

42 (65%)* 

30 (97%)* 

pEGFR 

9 (14%) § 

21 (68%) § 


‘The same case harbored two primary tumor and five metastasis 
sites with EGFR-wild-type sequence. 

Positive immunohistochemical expression score >200 (range 
0-400). 

^Primary tumor vs. metastasis (P = 0.02). 

§ Primary tumor vs. metastasis (P = 0.00001). 


The combined data showed that NBE with mutant EGFR 
was detected in the small bronchi (13 of 64, 20%) and bronch¬ 
ioles (17 of 78, 22%) of both mutant and wild-type tumor 
cases. Overall, however, the mutation frequency was higher 
in NBE samples microdissected from within the tumor (13 of 
47, 28%) than in samples obtained from adjacent tissue and 
tissue distant from the tumors (17 of 95, 18%; Table 3). 

In our previously reported comparison of NBE and corre¬ 
sponding tumors (16 specimens), we always observed identi¬ 


cal EGFR mutations in both sites examined (11). In this study, 
we have expanded the number of NBE sites (n = 85) examined 
for the mutation in patients with EGFR-mutant adenocarcino¬ 
mas and detected five sites (6%) from three cases in which 
NBE showed mutations different from the ones detected in 
the corresponding tumor specimens (data not shown). Impor¬ 
tantly, in all cases with a mutation in NBE, an identical muta¬ 
tion was detected in at least one site of the corresponding 
tumor specimen. Thus, in this expansion of our previous 
study (11), a relatively more heterogeneous EGFR mutation 
pattern of the respiratory field was detected in NBE microdis¬ 
sected from mutant lung adenocarcinomas, but most NBE and 
corresponding tumors shared the same mutation. 

EGFR copy number and correlation with gene mutation in 
NBE. To determine the morphologic stage at which EGFR copy 
abnormalities arise in EGFR-mutant adenocarcinomas, we did 
a precise mapping analysis and examined EGFR copy number 
in 21 NBE sites obtained from nine mutant adenocarcinomas 
using FISH. All nine tumor specimens showed at least one site 
with a high copy number. These epithelial sites were also exam¬ 
ined in the EGFR mutation analysis. Most NBE (14 of 21, 67%) 
showed no EGFR FISH abnormalities (disomy), including four 
EGFR-mutant sites with exon 19 (15 bp) deletions and exon 21 
(L858R) point mutations. Trisomy was detected in seven (33%) 
NBE sites obtained from six (67%) cases. We did not identify 
any NBE with EGFR amplifications or a high level of polysomy, 
which have been defined as high gene copy number. In con¬ 
trast, the nine tumors mapped showed significantly higher fre¬ 
quency of EGFR amplification (11 of 42 sites, 26%; P < 0.018) or a 
high level of polysomy (22 of 42,52%; P < 0.001) compared with 
NBE. Our findings indicate that high EGFR copy number does 
not occur in peripheral NBE in EGFR-mutant lung adenocarci¬ 
nomas and that gene mutations precede copy number abnorm¬ 
alities in the sequential pathogenesis of these tumors. 

EGFR immunohistochemical expression and correlation 
ivith gene mutation in NBE. We evaluated the level of EGFR 
and pEGFR protein expression in 134 NBEs obtained from 
EGPR-mutant and wild-type lung adenocarcinomas. Overall, a 


Fig. 3. Proposed sequence of EGFR 
abnormalities occurring in the early 
pathogenesis and progression of 
EGFR-mutant lung adenocarcinomas. 
NBE field, primary tumor, and metastasis 
sites. Small circles, NBE, which acquires 
EGFR mutations and EGFR protein 
(total and phosphorylated) overexpression 
(gray circles). In the primary tumor stage, 
the EGFR copy number increases (high 
polysomy and gene amplification) in 
small tumor foci {striped ovals). In the 
metastasis site, tumor cells show both 
EGFR mutation and high copy number 
throughout most of the lesion. 
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high level of EGFR (69%) and a moderate level of pEGFR (33%) 
expression were detected in NBE from patients with 
tumors (Table 2). However, EGFR and pEGFR were expressed 
to a greater degree in NBE sites obtained from patients with 
EGFR-mutant tumors than in patients with wild-type tumors 
(Table 2), although these differences were not statistically signif¬ 
icant. The frequency of EGFR, but not of pEGFR, overexpression 
was higher in EGFR-wild-type NBE sites (85 of 111, 77%) than in 
mutant sites (14 of 24, 58%; P = 0.039). Of interest, NBE located 
inside tumors showed the highest frequency of EGFR and 
pEGFR overexpression compared with NBE located adjacent 
to and distant from tumors, especially in EGFR-mutant tumors 
(Table 3). Small bronchi also showed a higher frequency of over¬ 
expression of both markers compared with bronchioles (Table 
3). Thus, the overexpression of EGFR and pEGFR is a common 
event in NBE from patients with lung adenocarcinomas, espe¬ 
cially in EGFR-mutant tumors, and shows a localized field phe¬ 
nomenon effect similar to gene mutation. 

TITF-1 immunohistochemical expression and EGFR muta¬ 
tion in NBE. Recently, on the basis of immunohistochemical 
findings of higher levels of nuclear TITF-1 expression, a crucial 
transcription factor of the lung, in EGFR-mutant lung adeno¬ 
carcinomas compared with in wild-type tumors, it has been 
suggested that EGFR-mutant lung adenocarcinoma originates 
from the terminal respiratory unit (25), which is composed of 
alveolar cells and nonciliated bronchiolar epithelium. Its char¬ 
acteristics are highlighted by the expression of TITF-1 (25). We 
therefore investigated the correlation between EGFR mutation 
and TITF-1 nuclear expression in tumor and normal epithe¬ 
lium sites. EGFR-mutant lung adenocarcinomas (18 of 20 
cases, 90%) showed higher expression of TITF-1 than did 
wild-type tumors (10 of 26 cases, 38%; P < 0.001). However, 
in immunohistochemical studies, we did not see a significant 
difference in the frequency of TITF-1 expression between 
EGFR-mutant (11 of 25 sites, 44%) and EGFR-wild-type (34 
of 105 sites, 33%; P = 0.273) respiratory epithelia. Our findings 
therefore indicate that NBE cells expressing TITF-1 are not the 
exclusive precursors of EGFR-mutant adenocarcinomas. From 
these results, it is clear that these tumors do not originate ex¬ 
clusively from terminal respiratory unit structures. 

EGFR abnormalities in the progression of lung 

adenocarcinomas 

EGFR mutation pattern in primary tumors and correspond¬ 
ing metastasis. To identify the characteristics of EGFR 
abnormalities in the progression of mutant lung adenocarci¬ 
nomas, we examined EGFR gene mutation, gene copy num¬ 
ber, and protein expression in primary tumors and 
corresponding metastases by performing a detailed mapping 
analysis of tumor specimens. For this study, we selected nine 
lung adenocarcinomas with known EGFR mutations in exon 
19 (n = 5) and exon 21 (n = 4), and with lymph node 
metastases for which there was sufficient tissue to perform 
our mapping analysis. 

For the mutation analysis of EGFR exons 19 and 21, we did 
precise tissue microdissection from noncontiguous primary 
tumor foci (n = 56 sites, 6.2 sites/tumor; range 2-11 sites) con¬ 
taining at least 1,000 cells. Surprisingly, four of the nine pri¬ 
mary tumorsexamined showed mixed EGFR gene patterns 
(Fig. 2A): three showed two or more types of mutations, 
and one showed five sites with exon 19 (15 bp, 746-750) dele¬ 


tion and two sites with the wild-type EGFR gene. EGFR muta¬ 
tion analysis of 30 corresponding lymph node metastasis sites 
from the nine EGFR-mutant cases (3.3 sites/case; range 1-6 
sites) detected only one type of EGFR mutation in all tumor 
sites in each case, and the mutation was always present in 
at least one site of the corresponding primary tumor. Similar 
to the corresponding primary tumor, one metastasis case 
showed EGFR-wild-type (five sites) and EGFR-mutant [one 
site, exon 19 (15 bp, 746-750) deletion] tumor sites (Fig. 2A). 
All these findings were confirmed by sequencing analyses of 
independently microdissected samples. In summary, our find¬ 
ings showed a relatively high level of heterogeneity for the 
EGFR mutation, and several tumor cell clones had mutation 
patterns in the primary tumor specimens that differed from 
the mutation patterns in the lymph node metastasis sites. 

EGFR copy number abnormalities in primary tumors and 
corresponding metastasis. We used FISH to investigate the 
EGFR gene copy number abnormalities in 42 primary tumor 
sites (2.1 sites/case; range 2-7 sites) and 29 metastasis sites 
(3.2sites/case; range 1-6 sites), which were also examined for 
the mutation analysis. Overall, all primary tumors and corre¬ 
sponding metastases showed at least one site of high gene copy 
number (high polysomy or gene amplification; Fig. 2B). How¬ 
ever, six (67%) primary tumor cases and one (11%) metastasis 
case showed at least one site without high copy number (disomy 
in one primary tumor site, high trisomy in one metastasis site, 
and low polysomy in seven primary and three metastasis sites; 
Fig. 2B). Thus, EGFR copy number heterogeneity was higher in 
primary tumor sites than in corresponding metastasis sites. 

EGFR immunohistochemical expression in primary tumors 
and corresponding metastasis sites. In the nine EGFR-mutant 
lung adenocarcinoma cases mapped for EGFR abnormalities, 
we examined both primary tumors and the corresponding 
lymph node metastases for EGFR and pEGFR immunohisto¬ 
chemical expression. For both tumor locations combined, 96 
distinct tumor sites were examined (n = 65 primary tumor sites, 
7.2 sites/case; and n = 31 metastasis sites, 3.4 sites/case). Sig¬ 
nificantly higher levels of EGFR and pEGFR expression were 
detected in metastasis sites compared with primary tumor sites 
(Table 4). No correlation between EGFR and pEGFR expression 
and EGFR copy number status by FISH was detected. 

Discussion 

Using a detailed molecular pathology mapping strategy, we 
determined the sequence of EGFR abnormalities in the early 
pathogenesis of EGFR-mutant lung adenocarcinomas and iden¬ 
tified the pattern of EGFR changes in the progression of EGFR- 
mutant lung adenocarcinomas from primary tumors to lymph 
node metastasis. First, we showed that EGFR mutations pre¬ 
cede gene copy number abnormalities in the pathogenesis of 
these tumors and that EGFR and pEGFR immunohistochemical 
protein expressions are frequent events in histologically normal 
peripheral bronchial and bronchiolar epithelium adjacent to 
lung adenocarcinomas. Second, our data indicated that 
although primary lung adenocarcinomas show some degree 
of EGFR gene copy number heterogeneity, this phenomenon 
is rare in metastases. Although these findings can be considered 
tumor progression phenomena, they also have important clin¬ 
ical implications from the standpoint of making decisions re¬ 
garding the use of EGFR TK inhibitor therapy on the basis of 
the finding of EGFR gene abnormalities. 
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Despite the evidence showing that atypical adenomatous 
hyperplasia is a precursor of peripheral lung adenocarcinomas 
(26), there is consensus that the pathogenesis of most adeno¬ 
carcinomas is unknown. Our previously reported findings of 
an EGFR mutation in NBE in 9 of 21 (43%) patients with 
EGFR-mutant adenocarcinomas indicated that the EGFR gene 
mutation is an early event in the pathogenesis of lung adeno¬ 
carcinoma (11). In this study, we have investigated normal 
epithelium from additional patients with EGFR-mutant or 
wild-type lung adenocarcinomas and specifically have two 
new findings in this study; ( a ) we detected an EGFR mutation 
(exon 19,15 bp deletion, 746-751) in six sites of small bronchial 
and bronchiolar epithelium obtained from three patients with 
wild-type adenocarcinoma, and (b) whereas an identical mu¬ 
tation was detected in the majority of specimens of mutant 
normal epithelium compared with the corresponding invasive 
tumor (75% of cases and 94% of sites), we found few normal 
epithelium sites (6%) in three of 12 cases (25%) of EGFR- 
mutant tumors, demonstrating the existence of a different mu¬ 
tation pattern between normal epithelium and the correspond¬ 
ing invasive tumor. All these data reinforce the concept of a 
field effect phenomenon in EGFR mutations in lung adenocar¬ 
cinoma pathogenesis that affects histologically normal bron¬ 
chial and bronchiolar respiratory epithelia. 

We have previously shown that molecular abnormalities 
occur in a stepwise fashion in the sequential pathogenesis of 
squamous cell carcinoma of the lung, with molecular changes 
commencing in histologically normal bronchial epithelium in 
smokers and in patients with lung cancer (27, 28). Our find¬ 
ings suggest that EGFR abnormalities also occur sequentially 
in the early pathogenesis of lung adenocarcinoma, with a mu¬ 
tation commencing in histologically normal epithelium and a 
high EGFR copy number appearing at the invasive tumor 
stage. A recent report (29) of selective gene amplification of 
the shorter allele of the EGFR intron 1 polymorphism CA sim¬ 
ple sequence repeat 1, which is the allele more frequently mu¬ 
tated in tumors harboring an EGFR mutation, also suggests 
that mutations occur earlier than copy number abnormalities 
in the pathogenesis of lung adenocarcinoma. Our findings of 
frequent EGFR (69%) and pEGFR (33%) protein overexpres¬ 
sion in normal distal bronchial and bronchiolar epithelium 
from patients with either EGFR-mutant or EGFR-wild-type 
lung adenocarcinomas indicate a field phenomenon in the 
peripheral airway. A relatively high frequency of EGFR pro¬ 
tein expression has also been reported in centrally located, 
histologically normal (42%) and hyperplastic (54%) bronchial 
epithelium from smokers (23). In addition, our data indicate 
that the mechanisms of protein overexpression seem to be un¬ 
associated with high gene copy number and mutation in NBE. 
Other mechanisms can explain EGFR overexpression in nor¬ 
mal epithelial cells, including ligand-dependent up-regulation 
and activation, as well as inhibition of endocytosis-related 
protein down-regulation in the cell membrane (30). 

Based on findings of higher levels of immunohistochem- 
ical expression of nuclear TITF-1, a crucial transcription fac¬ 
tor of the lung, in EGFR-mutant lung adenocarcinomas 
compared with wild-type tumors, it has been suggested that 
EGFR-mutant lung adenocarcinoma originates from the 
terminal respiratory unit (25). We found EGFR mutations 
in microdissected histologically normal epithelial cells from 
small bronchi and bronchioles, which supports the concept 


of adenocarcinomas arising from the peripheral lung airway. 
Our findings indicate that NBE cells expressing TITF-1 are 
not the exclusive precursors of EGFR-mutant adenocarcino¬ 
mas. From this finding, it is clear that these tumors do not 
originate exclusively from terminal respiratory unit struc¬ 
tures. In addition, we cannot exclude the possibility that 
common stem or progenitor cells for both bronchial and 
bronchiolar epithelium bear EGFR mutations. 

It has been suggested that activating TK EGFR mutations 
are a potent oncogenic event by which mutant tumor cells 
become physiologically dependent on the continued activity 
of the phosphorylated protein for the maintenance of their 
malignant phenotype (31). Our detailed mapping analysis 
of the EGFR gene mutation and copy number of multiple 
precisely microdissected sites in nine mutant primary tu¬ 
mors and corresponding lymph node metastases showed 
an identical or monoclonal pattern of mutation in most 
(n = 5) primary tumors and all metastases. These findings 
corroborate the monoclonal concept of tumor development 
and the monoclonal evolution of metastases (32, 33). How¬ 
ever, two primary tumors lacking identical or monoclonal 
EGFR-mutant patterns harbored different sizes of exon 19 
deletions (12 versus 15 bp and 15 versus 18 bp deletions). 
This finding could be explained by a tumor progression phe¬ 
nomenon in which the deletion size changed during the evo¬ 
lution of the malignancy. However, two very interesting 
primary tumors in our study exhibited findings that chal¬ 
lenged the concept of the monoclonal evolution of tumors. 
One case showed a single site with an exon 19 (15 bp) dele¬ 
tion, whereas the remaining eight sites lacked the deletion but 
showed a point mutation (TTA747CCA) in the same exon. Of 
interest, the three metastasis sites examined harbored the 
most frequent mutation detected in the primary lung tumor. 
The other case showed areas of wild-type and mutant EGFR 
in both primary tumors and metastases, a phenomenon that 
is difficult to explain and suggests that molecular events 
other than an EGFR mutation may be responsible for tumor 
development in lung adenocarcinomas. These findings were 
confirmed by the sequencing of independently microdis¬ 
sected samples. In the latter case, the finding of a high EGFR 
copy number (high polysomy) in wild-type tumor sites raises 
the possibility of an alternative explanation—that the wild- 
type allele is preferentially amplified in some tumor cells. 
As a result, the mutant allele is underrepresented and is not 
detectable by our current sequencing methodology. 

Retrospective studies have provided data suggesting that 
a high EGFR gene copy number shown by FISH is associated 
with treatment response, time to progression, and survival in 
patients with advanced non-small cell lung carcinoma trea¬ 
ted with EGFR TK inhibitors (5-7, 10, 17). In these studies, 
high EGFR copy number as shown by FISH was defined 
as true gene amplification or high polysomy with equal to 
or more than four EGFR copies in >40% of cells (5, 34). 
Our mapping analysis of primary tumors and corresponding 
lymph node metastases in which we used the same EGFR 
FISH criteria showed that a frequent high copy number in 
mutant tumors was the most frequent pattern detected. De¬ 
spite the fact that most primary tumor sites and nearly all 
metastasis sites showed high copy numbers, high polysomy 
and gene amplification were heterogeneously distributed in 
both tumor locations. More importantly, five of nine (56%) 
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primary tumors and one metastasis (13%) showed one or 
more sites without an increased copy number (FISH nega¬ 
tive). Similarly, EGFR and pEGFR immunohistochemical ex¬ 
pression was less heterogeneous in primary tumors and 
more frequent in metastases. Taken together, these data sug¬ 
gest that EGFR copy number analyzed by FISH and protein 
expression analyzed by immunohistochemistry in small core 
biopsy or fine-needle aspiration specimens obtained from 
primary tumors, and more rarely from metastases, could 
miss these molecular changes, especially if only a small num¬ 
ber of malignant cells are available for examination. In addi¬ 
tion, if the suggested presence of EGFR high copy number 
correlates with sensitivity to EGFR TK inhibitors (5-7, 17), 
it is likely that metastases will show a better response to 
therapy than will primary tumors. This is an important con¬ 
sideration, in light of the fact that the site of origin (primary 
versus metastasis) of the tumor specimen was not reported 
and factored into the biomarker analyses in any of the clin¬ 
ical trials testing the efficacy of EGFR TK inhibitors in pa¬ 


tients with advanced non-small cell lung carcinoma in 
whom EGFR copy number determined by FISH was exam¬ 
ined as a predictor of response and prognosis (5-7). Our re¬ 
sults show that a better understanding of the pattern of 
molecular abnormalities and their corresponding biomarker 
expression, including primary tumors and the frequent me¬ 
tastases seen for this tumor type, is important in lung cancer. 

In summary, our data suggest that gene mutations and 
protein overexpression are the earliest phenomena in EGFR- 
mutant lung adenocarcinoma, occurring at the NBE stage, 
and that this is followed by the development of a focal in¬ 
crease in copy number at the tumor stage (Fig. 3). At the me¬ 
tastasis sites, however, all three abnormalities were more 
frequent than they were in the primary tumors and were 
homogeneously distributed throughout the malignant cells. 
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Abstract 

The tumor suppressor LKB1 is mutated in 30% of non-small 
cell lung cancer (NSCLC) tumors and cell lines and is proposed 
to be a key regulator of epithelial cell polarity; however, how 
IK It I regulates cancer cell polarity is not known. The experi¬ 
ments described herein show for the first time that LKB1 is a 
dynamic, actin-associated protein that rapidly polarizes to 
the leading edge of motile cancer cells. LKB1 proves to be 
essential for NSCLC polarity, because LKB1 depletion results 
in classic cell polarity defects, such as aberrant Golgi posi¬ 
tioning, reduced lamellipodia formation, and aberrant mor¬ 
phology. To probe how LKB1 regulates these events, we show 
that LKB1 colocalizes at the cellular leading edge with two key 
components of the polarity pathway — the small rho GTPase 
cdc42 and its downstream binding partner p21-activated 
kinase (PAK). Importantly, LKB1 functionality is required for 
cdc42 polarization to the leading edge, maintaining active 
cdc42 levels, and downstream PAK phosphorylation. To do 
this, LKB1 interacts only with active form of cdc42 and PAK, 
but not with inactive cdc42. Taken together, these results show 
that LKB1 is a critical mediator of the NSCLC polarity pro¬ 
gram in lung cancer cells through a novel LKBl-cdc42-PAK 
pathway. [Cancer Res 2008;68(3):740-8] 

Introduction 

Cell polarization is essential for a broad range of cellular 
processes, such as mitosis, morphogenesis, and motility. In most 
eukaryotic cells, this cell polarity program is regulated by a 
complex network of signaling molecules, cytoskeletal elements, and 
extracellular cues that ultimately create a functionally and spatially 
distinct polarized region within the cell (1). One master regulator of 
this network is the small rho GTPase cdc42 (2); like other Rho 
GTPases, cdc42 cycles between a GTP-bound active state and GDP- 
bound inactive state. In its active GTP-bound state, cdc42 regulates 
key events of cell polarity that include lamellipodia formation 
(protrusive structure at the cellular leading edge of motile cells), 
Golgi reorientation, centrosome reorientation, and tight junction 
formation (2). To do this, active cdc42 relies on a series of 
downstream effectors that includes its direct binding partner p21- 
activated kinase (PAK; refs. 3, 4). Upon binding of active cdc42 
to PAK, phosphorylation of PAK occurs and cell polarization is 
triggered (5). 


Note: Supplementary data for this article are available at Cancer Research Online 
(http://cancerres.aacrjournals.org/). 
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Defects in cell polarity have been linked to cancer progression. It 
is proposed that the disruption of cell polarity within the epithelial 
cell lining serves as an initiator for cancer cell invasion into the 
surrounding environment (6). One potential regulator of the cancer 
polarity program is LKB1 (also known as STK11; ref. 7). LKB1 is a 
serine/threonine kinase that contains two nuclear localization 
sequences, a central kinase domain and a C-terminal farnesylation 
motif (8). The LKB1 gene is located on chromosome 19pl3.3 and 
produces a 3.1-kb transcript that is expressed in many adult and 
fetal tissues (7). The N-terminal and C-terminal noncatalytic 
regions of LKB1 share no relatedness to other proteins. LKB1 was 
recently shown to be both a lung cancer tumor suppressor that 
serves as a repressor for the mTOR pathway of biosynthesis (9) 
and as a regulator of normal epithelial cell polarity (10). 
Approximately, 30% of non-small cell lung cancer (NSCLC) cell 
lines and tumors harbor an LKB1 mutation (11, 12). These 
mutations are primarily point mutations that were either nonsense 
or frameshift mutations (11). 

Importantly, a landmark study showed that LKB1 activation 
causes complete polarization of single intestinal cells, even in the 
absence of junctional cell-to-cell contacts, traditionally a prereq¬ 
uisite for polarization (13). Because several LKB1 mutants are 
incapable of polarizing normal epithelial cells (14), it is intriguing 
to consider the possibility that one consequence of LKB1 mutation 
is aberrant cancer cell polarity. Nevertheless, the molecular details 
of how LKB1 mediates these cell polarity events is not well 
understood. 

Here, we wanted to determine if LKB1 functions in NSCLC 
polarity, and if so, how LKB1 regulates these events. To address 
this, we performed a comprehensive analysis of endogenous LKB1 
function in NSCLC cell lines using a wounding model of cell pola¬ 
rity and motility. We now show that LKB1 behaves as a dynamic, 
actin-associated protein that rapidly polarizes to the leading edge 
of motile cells. LKB1 is essential for maintaining cancer cell 
polarity because LKB1 defects affect a variety of cell polarity events. 
To do this, LKB1 regulates the activity and recruitment of cdc42 
via its association with the active form of cdc42 and its binding 
partner PAK. Based upon these studies, we propose a novel LKB1- 
cdc42-PAK pathway that oversees cancer polarity. 

Materials and Methods 

Cell culture. All cells were maintained at 37°C in a humidified chamber 
as previously described (15). 

Wounding assays. Cells were grown to confluency on either plastic 
dishes or coverslips (for microscopy studies) and then wounded using a 
1-ul. to 10-pL pipette tip. Over time cells will polarize and migrate into the 
wound. Cells were then processed for immunofluorescence, Western 
blotting, or immunoprecipitation as described below. 

Transfections. Lipofectamine 2000 (Invitrogen) was used to transfect 
cell lines according to the manufacturer’s protocol. Transfections were 
performed 24 h before wound induction. Oligofectamine (Invitrogen) was 
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used for small interfering RNA (siRNA) transfection according to 
manufacturer’s protocol. LKB1 siRNA was used at 200 nmol/L 72 h before 
wound induction. 

Immunofluorescence and confocal imaging. Immunofluorescence 
was performed as described previously (16). Antibodies against LKB1 
(Abeam), cdc42 (Cytoskeleton), PAK (Santa Cruz), phosphorylated PAK 
(Biosource), GM-130 (Golgi; Calbiochem), or actin-phalloidin 488 (Invitro- 
gen) were incubated with cells at 4°C overnight. Either Alexa 488, 563, or 
633 secondary antibodies (Invitrogen) were used at a dilution of 1:500 and 
were incubated for 1 h at room temperature. Nuclear staining was 
performed by incubating cells with 0.4 pmol/L 4 ,6-diamidino-2-phenyl- 
indole (DAPI) to mounting slides. Cells were imaged on a Zeiss LSM 
510 META as described in ref. (15). In all cases, either a 63 x or 100X Zeiss 
Plan-Apo oil objective was used (numerical aperature of 1.3 and 1.4, 
respectively). To quantitate fluorescence intensity, grayscale images were 
first thresholded and subjected to mean intensity analysis, with a 
designated region of interest in Metamorph 6.2 (Molecular Devices). The 
lamellipodia was defined as the region within 5 pm from the leading edge 
of the cell. Colocalization analysis was performed by using the “percent¬ 
age colocalization” feature in Metamorph, which compared the amount 
of LKbl colocalized with the protein of interest (e.g., cdc42, PAK) This 
analysis measured the percentage of LKB1 associated with the protein of 
interest by comparing signal overlap in thresholded images on a pixel- 
by-pixel basis. All images have contrast expansion performed in Adobe 
Photoshop. 

Golgi reorientation polarity assays. To image Golgi positioning cells 
were fixed at different time points postwounding and stained for Golgi, 
LKB1, and DAPI as described above. Wound edge cells were divided 
into three 120° regions, with one region facing the wound edge 
(Supplementary Fig. S2). All cells with the Golgi facing the wound front 
were scored positive. For each time point, at least 20 cells were examined. 
Cell orientation was measured as shown in Supplementary Fig. S2. To do 
this, the angle was calculated between a line dropped from the midpoint 
of the cellular edge facing the wound and a line tracing the wound front. 
For examples, cells aligned perpendicular to the leading edge had a nearly 
90° orientation, whereas cells aligned parallel to the wound front had a 
0° orientation. 

Western blotting. Western blotting was performed as previously 
described (16). Protein concentrations were determined by the bicincho- 
ninic acid protein assay kit (Pierce). Equal amounts of protein from whole¬ 
cell lysates were solubilized in SDS sample buffer and separated on SDS 
12.5% polyacrylamide gels. The same primary antibodies were used as 
described above with the appropriate secondary horseradish peroxidase- 
conjugated antibody (1:2,000). 

Cdc42 activation assay. Cdc42 activation assays was performed with 
the cdc42 activation assay kit from Cell Biolabs, Inc. (STA-402) and used 
according to the manufacturer’s protocol. Cell lysates were prepared from 
confluent monolayers of LKB1 wild-type HI299 cells or cells transfected 
72 h prior with LKB1 siRNA. All the cells were scratched 200 times with 
a multitip pipette. Cells were washed with cold PBS twice and lysed with 
700 pL of lysis buffer [25 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl, 1% 
NP40, 10 mmol/L MgCl, 1 mmol/L EDTA, and 2% glycerol]. For each time 
point, 750 pg of protein was incubated with PAK-PBD conjugated agarose 
beads. Samples were incubated for 3 h at 4°C, washed, centrifuged, 
resuspended in 40 pL of 2x reducing SDS-PAGE sample buffer, and 
processed for Western blotting with an anti-Cdc42 mouse monoclonal 
antibody (described above). Blots were reprobed with mouse anti-LKBl 
antibody to visualize the status of the LKB1 /PAK-PBD interaction over time. 

Immunoprecipitation. Immunoprecipitation was performed with the 
Catch and Release Reversible Immunoprecipitation System (Upstate) and 
used according to the manufacturer’s protocol. Cells were first seeded into 
10 cm 2 dishes then transfected with myc-PAK, FLAG-LKB1, and GFP-tagged 
cdc42 plasmids as described above. The GFP-cdc42-T17N is a dominant 
negative inactive cdc42, whereas the GFP-cdc42-Q61L is a constitutively 
active cdc42. Cells were lysed 24 h after transfection at 70% confluency in 
300 pL kit supplied lysis buffer. Cell lysates (500 pg) were incubated with 
rabbit IgG or antirabbit flag antibody with 10 pL affinity ligand into a bead- 


coated column. The column was incubated at 4°C for 1 h and washed, and 
beads were resuspended into 70 pL of lx denaturing elution buffer 
containing (JME (5%). The samples were boiled for 5 min, centrifuged, and 
processed for Western blotting. 

Results 

LKB1 polarizes to the leading edge and associates with actin 
in motile NSCLC cells. To investigate LKB1 function in NSCLC, 
we assessed endogenous LKB1 localization in H1703 NSCLC cells 
(LKB1 wild-type). Cell motility and polarity were induced with a 
wounding assay that generates a cell free gap bordered by a 
confluent monolayer of cells. In this assay (17), cells that border the 
wound will polarize, generate a lamellipodia, and move into the 
gap over time. In confluent cells (i.e., stationary cells not bordering 
the wound), LKB1 was found throughout the cytoplasm and 
nucleus (Fig. L4); however, in cells bordering and migrating into 
the wound, LKB1 drastically relocalized to or near the plasma 
membrane, at the leading edge of the cell, facing the direction of 
movement (Fig. L4 and B). This pattern of LKB1 localization was 
observed in all wild-type LKB1 NSCLC cell lines tested, including 
H1299 and H520 NSCLC cells (Supplementary Fig. SI). Further¬ 
more, a time course showed that LKB1 polarization to the leading 
edge was rapid and occurred within 5 min postwounding (Fig. 1C). 
Quantitative fluorescent intensity analysis confirms these observa¬ 
tions and showed that the percentage of motile cells with polarized 
LKB1 significantly increased in motile cells within 5 min (P < 0.05), 
as well did LKB1 fluorescent intensity at or near the plasma mem¬ 
brane (Fig. ID). To our knowledge, this is the first time endogenous 
LKB1 has been successfully visualized and shows a distinct and 
rapid polarization to the leading edge of motile NSCLC cells. 

The actin cytoskeleton is one of the primary components 
governing cell motility and polarity and is enriched in the 
lamellipodia at the leading edge; therefore, we next determined 
whether LKB1, which polarizes to the leading edge (Fig. 1), is 
associated with actin. To do this, cells migrating into the wound 
were fixed and costained for LKB1 and actin. LKB1 showed a highly 
significant colocalization with actin only at the leading edge of 
motile cells but not in other cellular locales (Fig. 2 A). Depolymer¬ 
ization of the actin cytoskeleton with the actin inhibitor 
cytochalasin D (5 pg/rnL) removed LKB1 from the leading edge, 
but LKB1 still seemed associated with a depolymerized actin 
cytoskeleton (Fig. 2 B). Further temporal studies showed that LKB1 
associated with actin within 5 min postwounding (Fig. 2C), 
indicating that this event is rapid and closely tied to its leading 
edge polarization, which also occurred within 5 min (Fig. 1C). 

Lastly, we also examined LKB1 localization in Madin-Darby 
canine kidney (MDCK) cells, which are noncancerous cell lines that 
polarize to form an apical and basolateral region in tissue culture 
dishes when grown to confluency. In nonpolarized cells, endoge¬ 
nous LKB1 is primarily localized in the nucleus and perinuclear 
region (Supplementary Fig. SI); however, in confluent polarized 
cells, LKB1 drastically relocalizes to the plasma membrane 
(Supplementary Fig. SI). Moreover, in the polarized cells, LKB1 
colocalizes with actin at the cellular edges (Supplementary Fig. SI), 
similar to our previous results in NSCLC (Fig. 2). Thus, like the 
NSCLC cells tested above, LKB1 relocalizes near the plasma 
membrane and associates with actin when the cell polarity 
program is triggered in MDCK cells. 

LKB1 loss leads to defective Golgi positioning, inhibition of 
lamellipodia formation, and aberrant lung cancer polarity. 
Next, we asked the question, does LKB1 regulate NSCLC polarity? 
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Figure 1. Endogenous LKB1 rapidly polarizes to the leading edge of motile NSCLC cells (A-C). Confocal images of endogenous LKB1 immunofluorescence in HI 703 
NSCLC cells. Arrow, direction of movement due to wounding. A, LKB1 and DAPI (nuclear) staining in confluent and motile cells. Arrowheads, regions of LKB1 
polarization. Bar, 20 pm. B, higher magnification of LKB1 polarization and its relationship to the plasma membrane as revealed by DIC staining. Blue, DAPI staining. 
Scale bar, 5 pm. C, time course of LKB1 polarization. Scale bar, 10 pm. D, left bar graph shows the percentage of cells with LKB1 polarization after wounding. Center 
and right bar graphs show LKB1 mean fluorescent intensity; n = 20 cells per experimental group; bars, SD. 
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Figure 2. LKB1 associates with actin in motile NSCLC cells (A-C). Confocal images of LKB1, actin, and DAPI immunofluorescence. A, LKB1 and actin staining 
in confluent and motile cells. Insets show magnified view of boxed region. Bar graph shows percentage colocalization of LKB1 and actin in the various cellular regions 
(n = 10 cells). Scale bar, 10 pm. Bars, SD. B, LKB and actin staining in cytochalasin D-treated cells and after an 8-h recovery from treatment. Scale bar, 10 pm. 
C, LKB1 and actin staining at 0 and 5 min postwounding. Scale bars, 5 pm. Insets show magnified field of boxed region; scale bar, 2 pm. 


To do this, we used siRNA to deplete LKB1 and subsequently 
examined the effect on cell polarity. Due to the Golgi’s role in 
protein trafficking to the leading edge, it serves as a marker of cell 
polarization and reorients between the nucleus and the leading 
edge when cell polarity is stimulated (18, 19). We therefore exam¬ 
ined Golgi reorientation in a quantifiable manner by dividing cells 
into three regions (120° in each region), such that in unpolarized 
cells the Golgi had an equal likelihood of being in any of the three 
regions (example in Supplementary Fig. S2), but in polarized cells, 
the Golgi realigns to the 120° region facing the direction of 
movement (18, 19). To assess this, staining of the Golgi, LKB1, and 
nucleus was performed in control siRNA-transfected and LKB1 
siRNA-transfected cells (Fig. 3 A). In cells transfected with control 
siRNA, the Golgi realigned by 6 h, with nearly 70% of cells having 
proper Golgi orientation. In contrast, LKB1 depleted cells showed 
only 35% of cells with proper Golgi positioning after 6 h and only 
45% after 16 h, indicating defective cell polarity in the absence of 
LKB1 (Fig. 3 B and C). Additional defects in cell polarity were also 


observed when cell shape and lamellipodia formation were 
analyzed. Control cells were elongated perpendicular to the wound 
front and had a clear lamellipodia by 6 h, whereas LKBl-depleted 
cells remained randomly oriented and lacked a distinctive 
lamellipodia (Fig. 3B). Image quantitation (example in Supplemen¬ 
tary Fig. S2) showed that controls cells repositioned nearly 70° 
relative to the wound by 6 h and maintained this position for at 
least 16 h (Fig. 3D, top and bottom). In contrast, LKBl-depleted cells 
had a 30° orientation relative to the wound at 6 h and 15° 
orientation by 16 h. Interestingly, LKBl-depleted cells ultimately 
aligned parallel to the wound instead of the normal perpendicular 
orientation observed in control cells (Supplementary Fig. S2), further 
indicating defective cell polarity. Similar results were also obtained 
in other NSCLC cell lines with wild-type LKB1 (data not shown), 
indicating that this is not a cell line-specific event. Taken together, 
these data indicate that LKB1 is necessary for NSCLC polarity. 

I.KIS I colocalizes with the polarity proteins cdc42 and PAK 
and regulates cdc42 recruitment. Cdc42 is a master regulator of 
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cell polarity and also polarizes to the leading edge of motile cells 
(2); therefore, we next determined the relationship between LKB1 
and cdc42 in this region. Immunofluorescence colocalization 
analysis of endogenous LKB1 and cdc42 in H1299 cells revealed 
that a significant portion of LKB1 colocalized with cdc42 within 
15 min postwounding at the leading edge (Fig. 4A ). Interestingly, 
the two proteins were not associated in any other regions within 
the cytoplasm (Fig. 4A ) and LKB1 only colocalized with cdc42 in 
motile but not confluent cells (data not shown). Similar colo¬ 
calization between LKB1 and cdc42 were also observed in H1703 
NSCLC cells (Supplementary Fig. S3). 

We next examined LKB1 colocalization with the cdc42 binding 
partner PAK. When active, cdc42 binds to PAK causing PAK 
phosphorylation and eliciting a variety of downstream cell polarity 
events, including Golgi reorientation and actin remodeling (4, 20). 
Colocalization analysis showed that, indeed, LKB1 colocalizes with 
PAK only at the leading edge (Fig. 4 A), suggesting that LKB1, cdc42, 
and PAK are possibly linked in the cell polarity pathway. Moreover, 
LKB1 also colocalizes at the leading edge with phosphorylated PAK 
(Ser 144 ; Supplementary Fig. S3), which represents the active form of 


PAK. To exclude the possibility of a putative cell adhesion role for 
LKB1, we stained for phosphorylated focal adhesion kinase (FAK), a 
functional marker of the cell adhesion pathway. In this case, LKB1 
did not colocalize phosphorylated FAK, rather it was excluded from 
these adhesive sites (Supplementary Fig. S3), suggesting that LKB1 
is not involved in the cell adhesion pathway or localizes to adhesive 
sites within the motile cell. 

To further examine the spatiotemporal relationship between 
LKB1 and cdc42, we performed a 10-min short-time course of LKB1 
and cdc42 localization to determine when these proteins coloc¬ 
alize. These results showed that LKB1 accumulates near the plasma 
membrane as early as 1 min postwounding, and this accumulation 
precedes cdc42 arrival (Fig. 4 B). By 5 min, cdc42 begins to accu¬ 
mulate at the leading edge, at LKBl-marked sites (Fig. 4 B). This 
trend continues, and by 10 min, both proteins are colocalized 
(Fig. 4 B). Thus, LKB1 polarization precedes that of cdc42, but 
ultimately cdc42 colocalizes to the LKBl-designated sites. Notably, 
we did not observe any cells where cdc42 was localized to the 
leading edge without LKB1 already there; however, there were cells 
that had neither LKB1 nor cdc42 at the leading edge at the early 
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Figure 3. LKB1 depletion causes defective cell polarity. A, Western blot showing siRNA depletion of LKB1 in H1792 NSCLC cells. Dash, no transfection; Con, control 
siRNA. B, LKB1, Golgi, and DAPI immunofluorescence in HI 792 NSCLC cells. Arrows, Golgi positioning relative to the wound designated with a dashed line. DIC 
images below show cellular morphology and lamellipodia of the same cells as above. Scale bar, 10 urn. C, bar graph quantitating the percentage of cells with aligned 
Golgi in control and LKBI-depleted cells (n = 20 cells per experimental group). D, top, bar graph depicting cell positioning in degrees relative to the wound (n = 20 cells 
per experimental group; bottom). Arrows, graphical representation of cellular positioning relative to the wound in control and LKBI-depleted cells. 
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Figure 4. LKBl colocalizes with cdc42, PAK, and p-PAK and precedes cdc42 recruitment ( A-D). Confocal images of LKB and cdc42 or PAK immunofluorescence 
in H1299 NSCLC cells. Bar graphs show percentage LKBl colocalized with the respective protein. In all cases, error bars are SD. A, LKBl and cdc42 staining at 
the leading edge (top). Arrows, regions of colocalization. LKBl and PAK staining at the leading edge (bottom). Arrows, regions of colocalization. Scale bars, 5 pm. 
B, short-interval time course of LKBl and cdc42 localization. DIC staining shows LKBl localization at or near the plasma membrane. Scale bar, 2 pm. C, LKBl 
and cdc42 staining in control and LKBl siRNA knockdown cells. Arrows, cdc42 polarization to the leading edge; dashed lines, the wound front. Scale, 10 pm. 

D, confocal images of cdc42 staining in a cell expressing either a dominant-negative kinase dead LKBl (GFP:KD LKBl) or GFP control (bottom). Arrow, cdc42 
polarization; dashed arrow, lack of cdc42 polarization. Insets show magnified view. Scale, 10 pm. For all bar graphs, n = 10 cells per experimental group. 


time points. This same pattern of LKBl-cdc42 colocalization was 
observed in H1703 NSCLC cells (Supplementary Fig. S3). Taken 
together, these results suggest that LKBl serves as an intracellular 
marker for future cdc42 recruitment. 

The above results suggest that LKBl may regulate cdc42 
recruitment. To test this, LKBl was depleted in H1299 cells with 


siRNA and cdc42 recruitment to the leading edge was assayed. In 
cells transfected with control siRNA, LKBl and cdc42 were 
colocalized at the leading edge after 15 min postwounding in 
nearly all cells observed as expected (Fig. 4C). In contrast, in cells 
transfected with LKBl siRNA, cdc42 did not polarize to the leading 
edge but rather displayed a punctate appearance throughout the 
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cytoplasm (Fig. 4C). As an alternative approach, we overexpressed 
a kinase dead mutant of LKB1 fused to GFP (GFP:KD LKB1; ref. 21) 
in LKB1 wild-type cells. This GFP:KD LKB1 lacks LKB1 kinase 
activity and therefore serves as an excellent probe for understand¬ 
ing the specific role of LKB1 kinase activity. In GFP:KD LKB1- 
positive cells, cdc42 did not polarize to the leading edge (Fig. ID), 
whereas neighboring cells that were not expressing the kinase dead 
LKB1 did, indeed, have cdc42 polarization (Fig. ID). Furthermore, 
these cells did not have a lamellipodia, consistent with the idea 
that LKB1 kinase activity is required for its role in cell polarity. 
Transfections with a control GFP-only vector did not alter cdc42 
recruitment or lamellipodia formation (Fig. 4 D). Thus, when LKB1 
expression is depleted or endogenous LKB1 activity is inhibited 
with a kinase dead dominant-negative LKB1, cdc42 cannot polarize 
to the leading edge. These results therefore support the hypothesis 
that LKB1 is required for cdc42 recruitment to the leading edge. 

I,KB I mediates cdc42 activity by complexing with PAK and 
active cdc42, but not inactive cdc42. Previous reports show that 
cdc42 is recruited and activated at the leading edge (22, 23) by a 
series of GTPase-activating proteins (GAP) and guanine exchange 
factors (GEF; ref. 22). Because we show that LKB1 is essential for 
cdc42 leading edge recruitment, we assayed for active cdc42 levels 
in control siRNA-transfected and LKB1 siRNA-transfected cells 
prewounding and postwounding, using a coimmunoprecipitation 
approach with PAK-coated beads. This immunoprecipitation-based 
approach is based upon the principle that active cdc42 (GTP 
bound) binds specifically to the PBD domain of PAK. Thus, this 
assay uses PAK-PBD agarose beads to selectively isolate and pull 
down active cdc42 (cdc42-GTP) from lysates. Subsequently, the 
precipitated GTP-cdc42 is detected by Western blot analysis using 
a mouse anti-cdc42 antibody. To activate cdc42, multiple wounds 
were made to confluent H1299 NSCLC cells on 10 cm 2 dishes; this 
is the standard approach for cdc42 activation (Fig. 5 A; ref. 19). 
Control H1299 LKB1 wild-type NSCLC cells initially have low 
prewounding levels of active cdc42, but after 10 min postwound¬ 
ing, active cdc42 substantially increases as predicted (Fig. 5 B). 


In contrast, in LKBl-depleted cells, active cdc42 levels were sig¬ 
nificantly lower, in both prewounding and postwounding samples 
relative to their control counterparts (Fig. 5 B). However, cdc42 
activation itself was not impaired, because we observed a nearly 
2-fold increase in cdc42 levels in control and LKBl-depleted 
cells (Fig. 5 B). These data show that LKB1 depletion significantly 
reduces active cdc42 levels, but not cdc42 activation per se. 
Total cdc42 levels did not change throughout the experiment 
(Fig. 5 B). Similar experiments were performed with the kinase dead 
GFP:KD LKB1 and showed that the levels of active cdc42 post¬ 
wounding were significantly reduced in the population expressing 
the kinase dead LKB1 compared with the wild-type LKB1 (Fig. 5C). 
Thus, this result is consistent with LKB1 mediating active cdc42 
levels. 

Because these results suggest that LKB1 can mediate cdc42 
activity levels, we wanted to determine if LKB1 complexes with 
cdc42 and the downstream cdc42 binding partner PAK. Moreover, 
we also wanted to examine the possibility that a putative asso¬ 
ciation is dependent upon the activity state of cdc42. Therefore, we 
performed coimmunoprecipitation assays in H1299 cells with co¬ 
transfected FLAG-LKB, myc-PAK, and three different GFP-cdc42 
constructs — a constitutively active cdc42 (Cdc42-Q61L), domi¬ 
nant-negative cdc42 (Cdc42-T17N), or wild-type cdc42 (23, 24). The 
activity of the Cdc42-Q61L and inactivity of cdc42-T17N was 
validated in our wounding assay (Supplementary Fig. S4). 
Importantly, these results show that LKB1 has an enhanced 
association with the constitutively active cdc42-Q61L mutant 
compared with inactive cdc42-T17N or wild-type cdc42 (presum¬ 
ably a mixed population of active and inactive cdc42; 
Fig. 5C). Specifically, the cdc42-Q61L mutant coimmunoprecipi- 
tated with LKB1, whereas the cdc42-T17N and wild-type cdc42 
showed minimal association. In addition, myc-PAK showed an 
enhanced coimmunoprecipitation with LKB1 in the presence of the 
constitutively active cdc42-Q61L mutant, suggesting that LKB1, 
PAK, and active cdc42 are complexed together within the cell in a 
cdc42 activity-dependent manner (Fig. 5 D). 
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Figure 5. LKB1 mediates active cdc42 levels and associates with the active cdc42-PAK complex. A, Western blot showing a time course of cdc42 activation in 
our wounding model. B, Western blot showing cdc42 activation in control and LKBl-depleted cells at 0 min (prewounding) and 10 min (postwounding). C, Western 
blot of a cdc42 activation assay in HI299 NSCLC cells overexpressing a dominant-negative GFP:KD LKB1 after 15 min postwounding compared with wild-type 
GFP:LKB1. D, immunoblotting of FLAG-LKB1 immunoprecipitation in HI299 cells transfected with the various constructs shown. Immunoblots of total lysates are 
shown below. 
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Figure 6. Compromised LKB1 functionality affects downstream PAK 
phosphorylation. Western blot of phosphorylated PAK levels in control, 

LKB1-depleted cells, and cells transfected with a dominant-negative FLAG-KD 
LKB1. A GFP-labeled constitutively active cdc42 mutant (GFP-cdc42-Q61L) 
was overexpressed to activate myc-PAK phosphorylation. 


Compromised LKB I functionality affects downstream PAK 
phosphorylation. Binding of active cdc42 to PAK stimulates its 
phosphorylation and triggers various cell polarity event (4). To 
determine the effect of LKB1 on the downstream activation of 
PAK, levels of phosphorylated PAK in control and LKBl-depleted 
cells were examined. In control cells, phosphorylated PAK levels 
are initially low, but are stimulated in the presence of 
constitutively active cdc42-Q61L mutant as expected (Fig. 6 A). In 
contrast, the cdc42-Q61L-induced stimulation of PAK phosphor¬ 
ylation was suppressed in LKBl-depleted cells or cells over¬ 
expressing a kinase dead LKB1 mutant (GFP:KD LKB1; Fig. 6/1). 
Taken together, these results indicate that LKB1 activity is 
required for active cdc42 to induce PAK phosphorylation. 
Furthermore, LKB1 also colocalizes with phosphorylated PAK 
sites at the leading edge but not throughout the cytoplasm 
(Supplementary Fig. S3). This is similar to LKB1 localization with 
both cdc42 and total PAK (Supplementary Fig. S3); however, 
phosphorylated PAK seems to form well-defined puncta within the 
LKBl-stained regions. 


Discussion 

LKBl behaves as a dynamic protein that rapidly migrates to the 
cellular leading edge within 5 min and associates with actin. This 
pattern of localization is similar to other cell polarity proteins, such 
as the small Rho GTPase rac, p-catenin, and GSK3(3 (17, 25, 26). 
Moreover, a polarized LKBl localization was recently observed in 
some human lung cancer tissues by immunohistochemistry (27). 
LKBl polarization and activity seem to be regulated by the cell 
polarity stimulus because LKBl has a diffused cytoplasmic and 
nuclear pattern before wounding, but upon cell polarity stimula¬ 
tion, LKBl relocalizes to the leading edge and colocalizes with 
actin filaments. LKBl rarely colocalizes with actin stress fibers that 
span the cytoplasm, suggesting that the mechanism of LKBl trans¬ 
location to the leading edge is not actin-based; however, it requires 
actin to maintain its localization to the leading edge because actin 
inhibition removes LKBl from this region. 


LKBl is essential for NSCLC polarity in our wounding model 
because LKBl depletion results in classic cell polarity defects, such 
as aberrant Golgi positioning, reduced lamellipodia formation, and 
aberrant morphology. Previous studies show that these cell polarity 
events are regulated, at least in part, by the small rho GTPase cdc42 
and its downstream binding partner PAK (2). Importantly, our data 
now show that LKBl is a critical member of this cdc42-PAK 
pathway. LKBl protein expression and kinase activity are essential 
for both the recruitment and maintenance of active cdc42 levels. 
Specifically, when LKBl function is compromised, cdc42 does not 
polarize to the leading edge and active cdc42 levels are significantly 
diminished. Cdc42 activation involves a series of GAPs and GEFs 
(22) As cdc42 activation takes place at the leading edge (23), any 
defect in its polarization to the leading edge would be expected to 
affect levels of cdc42 activation. Our data are most consistent with 
the idea that LKBl is necessary for the translocation of cdc42 
rather than its direct activation as wounding induces a similar 
2-fold activation of cdc42 in both control and LKBl-depleted cells. 

LKBl forms a complex with cdc42 and PAK in NSCLC, and this 
interaction is dependent on the activation status of cdc42. Con¬ 
sistent with this idea, LKBl colocalizes with cdc42, PAK, and phos¬ 
phorylated PAK at the cellular leading edge when the cell polarity 
program is stimulated but does not colocalize with any of these 
proteins before cell polarity stimulation or in other regions 
throughout the cytoplasm. Furthermore, LKBl depletion or inhi¬ 
bition of its kinase activity suppresses PAK phosphorylation at 
Ser 144 , a site critical for activation of PAK kinase activity (4). Active 
cdc42 is known to stimulate PAK phosphorylation, leading to 
downstream induction of cell morphogenesis, changes in actin/ 
microtubule dynamics, and cell motility (4). Thus, the cell polarity 
defects observed in the absence of LKBl are thus likely due to 
impaired translocation and activation of cdc42 and consequently 
diminished PAK phosphorylation. Interestingly, initial results 
show that cell lines naturally defective in LKBl (e.g„ A549) have 
reduced cdc42-dependent PAK phosphorylation (data not shown), 
suggesting that natural loss of LKBl function impairs PAK 
phosphorylation. 

Taken together, we propose an LKBl-cdc42-PAK pathway such 
that, when cell motility and polarity are stimulated, LKBl polarizes 
to the leading edge where it associates with actin to serve as a 
scaffold for the subsequent recruitment and activation of cdc42. 
Once this occurs, a complex between LKBl, active cdc42, and PAK 
assembles, resulting in PAK phosphorylation and downstream 
activation of cell polarity events, such as lamellipodia formation and 
Golgi reorientation. We believe that LKBl is an essential component 
of this process, because LKBl depletion leads to reduced cdc42 
activation and recruitment, reduced PAK phosphorylation, and 
negatively affects several hallmarks of normal cell polarity. 

It is interesting to note that PAK is a member of the STE20 
family of kinases (28), as well as the LKBl cofactor binding partner 
STRAD, although the kinase domain of STRAD lacks several 
residues indispensable for intrinsic catalytic activity and is, thus, 
catalytically inactive (29). Because the interaction between STRAD 
and LKBl is necessary for LKBl kinase activity and localization 
(30), this structural relatedness between PAK and STRAD may pro¬ 
vide additional interesting clues on the functional consequences 
of the LKB1-PAK association. Lastly, LKBl is also is an upstream 
kinase to AMP-activated kinase (AMPK), which serves as a sensor 
for energy stress (31). Recent studies show that AMPK also func¬ 
tions in cell polarity (32-34) and AMPK mutants lose their polarity 
and overproliferate under energetic stress (32). Thus, AMPK may 
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indeed be a downstream substrate of the LKBl-cdc42-PAK path¬ 
way, and future studies will investigate this. 

More than 30% of NSCLC tumors harbor mutations in LKB1 
(11, 12). This high LKB1 mutation rate, in combination with 
the data presented herein, provides the intriguing possibility 
that LKB1 loss in human tumors could cause aberrant lung 
cancer cell polarity. In fact, C-terminal LKB1 mutations affect 
the ability of intestinal epithelial cells and migrating astrocytes to 
establish and maintain polarity (14). Because a loss of epithelial 
cell polarity is linked to increased cancer invasion via EMT 
(6, 35), LKB1 mutations in patients may serve as a trigger 
for cancer cell invasion. This idea is supported by recent 
work, showing that a somatically activatable mutant Kras-driven 
model of mouse lung cancer showed that homozygous inactiva¬ 
tion of LKB1 resulted in shorter latency and more frequent 
metastasis compared with tumors lacking p53 or Ink4a/Arf (36). 


Moreover, cells expressing mutant LKB1 possessed greater 
invasive potential compared with wild-type LKB1 cells (37). Thus, 
future experiments will address this possibility and determine 
if a compromised LKBl-cdc42-PAK pathway triggers cancer 
cell invasion. 
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Inhibition of blood vessel formation is a viable therapeutic approach 
in angiogenesis-dependent diseases. We previously used a combi¬ 
natorial screening on vascular endothelial growth factor (VEGF)- 
activated endothelial cells to select the sequence CPQPRPLC and 
showed that the motif Arg-Pro-Leu targets VEGF receptor-1 and 
neuropilin-1. Here, we evaluated and validated D (LPR), a derivative 
molecule with strong antiangiogenesis attributes. This prototype 
drug markedly inhibits neovascularization in three mouse models: 
Matrigel-based assay, functional human/murine blood vessel for¬ 
mation, and retinopathy of prematurity. In addition to its systemic 
activity, D (LPR) also inhibits retinal angiogenesis when administered 
in an eye-drop formulation. Finally, in preliminary studies, we have 
showed targeted drug activity in an experimental tumor-bearing 
mouse model. These results show that drugs targeting extracellular 
domains of VEGF receptors are active, affect signal transduction, 
and have potential for clinical application. On a larger context, this 
study illustrates the power of ligand-directed selection plus retro- 
inversion for rapid drug discovery and development. 

peptide | cancer | VEGFR | angiogenesis | retinopathy of prematurity 

T he formation of blood vessels, whether de novo (vasculogenesis) 
or from existing blood vessels (angiogenesis), is a fundamental 
biological process. In the 1970s, Folkman (1) introduced the con¬ 
cept of angiogenesis-dependent diseases and suggested that com¬ 
pounds inhibiting neovascularization would find applications in 
medicine, particularly against cancer (1). Although this idea was 
entertained with skepticism at the time, several inhibitors are cur¬ 
rently in clinical use, and others are at advanced stages of devel¬ 
opment. As such, angiogenesis stands as “an organizing principle for 
drug discovery” (2) and has led to converging insights into the 
mechanisms of pathological disorders otherwise considered dis¬ 
similar to each other (e.g., tumor growth and diabetes to rheumatoid 
arthritis and thalidomide-based malformations). We have pre¬ 
viously proposed abnormal vascularization to be the one unifying 
feature of seemingly disparate ocular diseases such as diabetic ret¬ 
inopathy, age-related macular degeneration, and retinopathy of 
prematurity (3); indeed, abnormal blood-vessel formation in the 
human retina is a leading cause of blindness from children to adults 
to the elderly. 

A balance of activators and inhibitors coordinates the angio¬ 
genic process in health and disease (2,4, 5). Among the molecular 
activators, vascular endothelial growth factor (VEGF) and its 
receptors are considered essential contributors to angiogenesis 
(6), and both ligands and receptors have been targets of therapies. 
Since the introduction of the monoclonal antibody bevacizumab 
(Avastin), the first Food and Drug Administration (FDA)- 
approved, VEGF-targeted therapy for use in metastatic colorectal 
cancer in combination with chemotherapy (7), several drugs tar¬ 
geting VEGF-related pathways have been developed and are 


currently in various stages of testing (2, 8). FDA approval of 
pegaptanib (Macugen), an anti-VEGF pegylated aptamer, and 
Ranibizumab (Lucentis), a fragment of bevacizumab for the 
treatment of the wet type of age-related macular degeneration, are 
examples of anti-VEGF agents with proven efficacy toward an eye 
disorder with an angiogenic component (9,10). Although VEGF- 
targeted therapies have shown relative success and improved 
cancer survival, there are still unsolved issues. For instance, many 
patients do not respond to VEGF-targeted therapy, and most 
patients who do respond initially develop resistance (11). There¬ 
fore, a better understanding of the mechanisms of action of these 
agents is necessary and will improve the efficacy of these therapies 
(12). Also, development of a new generation of agents targeted 
against other members of the VEGF family might overcome some 
of the difficulties associated with angiogenesis inhibitors (13). 

VEGF belongs to a multigene family comprised of five members 
that bind to and selectively activate several membrane-bound 
tyrosine kinase receptors (VEGFR-1, -2, and -3) and neuropilins 
(NRP-1 and -2). VEGF (also known as VEGF-A) induces a robust 
proliferative response in endothelial cells by its interaction with 
VEGFR-2. The axis VEGF-A/VEGFR-2 is believed to be a key 
pathway in the angiogenic process and is the focus of current 
VEGF-based therapies. Moreover, other family members, such as 
placenta growth factor (P1GF), VEGF-B, and the receptor 
VEGFR-1, were initially met with less enthusiasm as potential 
targets, because their roles in angiogenesis were unclear; however, 
this view has been challenged by the development of compounds 
targeting these molecules. VEGFR-1 and NRP-1, as well as their 
specific ligands VEGF-B and P1GF, have a prominent role in 
angiogenesis and are promising therapeutic agents (14-20). 
Monoclonal antibodies directed against VEGFR-1, NRP-1, or 
P1GF have also shown potential as antitumor agents (18,19,21). In 
light of these studies and based on our own previous work (22), we 
reasoned that small molecules targeting the VEGF-receptor 
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pathways would potentially inhibit angiogenesis and therefore, 
would be prospects for future clinical studies. 

Results and Discussion 

Rational Small-Molecule Design. We have previously used a sub¬ 
tractive phage display-library screening on activated human endo¬ 
thelial cells to isolate a VEGFR-1- and NRP-l-binding peptide, 
CPQPRPLC (22). Here, to gain insight into the specific ligand- 
receptor requirements, we generated a panel of mutant peptide- 
targeted phage clones for use in structure-functional analysis. 
Unexpectedly, this in tandem strategy of peptide alanine scan fol¬ 
lowed by binding assays, clearly failed to identify the individual 
residues in CPQPRPLC that interact with the VEGF receptors (Fig. 
SI), indicating that methods other than site-directed mutagenesis 
would be required to unveil the fine molecular basis of this receptor- 
ligand interaction. We assigned NMR to the minimal structural 
requirements for binding of CPQPRPLC to VEGFR-1 and NRP-1 
to the Arg 5 -Pro 6 -Leu 7 motif (RPL) embedded within the full pep¬ 
tide (23). Because it is established that peptide sequences selected 
by phage display often bind to biologically active sites in proteins 
(24,25), we hypothesized that the tripeptide RPL, by its targeting of 
the extracellular domain of VEGFR-1 and NRP-1, might comprise 
the essential structure for a class of small tyrosin-kinase receptor 
inhibitors with antiangiogenic properties. 

To develop our working hypothesis, we had to overcome a 
general limitation: peptides are generally considered notoriously 
labile and are too metabolically unstable to be suitable as drugs. 
We, therefore, synthesized peptidomimetic derivatives based on 
this VEGFR-1- and NRP-l-binding motif, and we tested their 
effects in angiogenesis assays in vivo. 

In the design of peptidomimetics, we used a method known as 
amino acid retro-inversion (26, 27), which consists of the reversal 
of the peptide backbone stereochemistry (i.e., substitution of D- 
amino acids for the normal L-amino acids) in conjunction with 
chain reversal. The resulting product is a “retro-inverso” pepti¬ 
domimetic in which the side-chain topology is similar to the parent 
peptide (Fig. L4). Because mammalian enzymes do not effectively 
recognize D-amino acid residues and their bonds, these com¬ 
pounds are usually less susceptible to proteolytic degradation. In 
this context, the corresponding RPL peptide retro-inverted 
D Leu- D Pro D Arg sequence, D (LPR) peptidomimetic, was chemi¬ 
cally produced in solid phase as a lead compound for these studies. 
We subsequently incubated both RPL and D (LPR) with increasing 
concentrations of pancreatin, and the reaction products were 
analyzed by mass spectrometry. No degradation of D (LPR) was 
observed at the highest ratio of enzyme:peptide concentration 
(400 pg/nmol) tested (Fig. LB); in contrast, RPL was markedly 
degraded by proteases, a conclusion based on the presence of a 
Pro-Leu fragment and the decreased intensity of the RPL peak 
relative to the peak of its degradation product (Fig. 1C). We used 
pancreatin, because it is a harsh proteolytic mixture of digestive 
enzymes including amylases, lipases, and proteases (such as trypsin 
and chymotrypsin); we reasoned that degradation resistance to this 
protease cocktail would strengthen our working hypothesis that a 
retro-inverted sequence results in a more stable drug. However, as 
a cautionary note, it has long been determined that D-amino acid 
oxidase is the only known mammalian enzyme that metabolize D- 
peptidomimetics in the kidney (28). Thus, despite the apparent 
resistance of D (LPR) to degradation by pancreatin, detailed 
pharmacological studies will be required to determine whether or 
not gastrointestinal administration in preclinical models or ulti¬ 
mately, oral use in patients will be a future possibility. 


(VEGFR-1 or NRP-1) in the presence of increasing concentrations 
of RPL or D (LPR). Binding of the RPL peptide or its corresponding 
peptidomimetic to the immobilized VEGFR-1 or NRP-1 receptor 
would compete with the binding of CPQPRPLC phage particles, the 
affinity of which for VEGFR-1 or NRP-1 has been calculated (22). 
The concentration of ligand required to inhibit 50% of CPQPRPLC 
phage binding to the receptor (IC 50 ) is then calculated for RPL and 
d (LPR) . These competition experiments showed that both RPL and 
d (LPR) inhibited, in a concentration-dependent manner, the 
binding of CPQPRPLC phage to either receptor (Fig. 24), whereas 
a control peptide used at the highest concentration (100 pM) had no 
effect on phage binding to VEGFR-1 or NRP-1. The IC50 of RPL 
for VEGFR-1 (30 nM) and NRP-1 (4 pM) and the IC 50 of D (LPR) 
for VEGFR-1 (2 pM) and NRP-1 (2 pM) were reproducibly 
determined. 

To understand the ligand attributes of our lead compound, we 
analyzed the direct interaction of D (LPR) to VEGF receptors by 
NMR, the methodology originally used to yield the functional 
RPL motif (23). Here, the VEGF receptor-ligand behavior of 
d (LPR) was first analyzed by total correlation spectroscopy 
(TOCSY) and nuclear overhauser enhancement apectroscopy 
(NOESY), and all resonances were unambiguously assigned 
(Table SI). To further identify the specific residues in D (LPR) that 
participate in the binding to either VEGFR-1 or NRP-1, we next 
incubated D (LPR) with each individual receptor and measured 
changes in NMR parameters (chemical shift changes) of D (LPR) 
resonances in the fast-exchange regime (the resonances in the 
peptidic NMR spectrum reflect the average parameters between 
the free and bound states). We observed that both VEGFR 
induced side-chain chemical shift changes in the resonances of the 
peptidomimetic (Fig. 2B and Table S2). Leu and Arg side-chain 
hydrogen atoms showed chemical shift changes in several residues 
(Table S2) as a consequence of incubation with VEGFR-1 and 
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VEGF Receptor-Ligand Binding and Structure-Function Relationship. 

To empirically assess whether or not retro-inversion yielded an 
agent that binds to VEGFR-1 and NRP-1, we performed com¬ 
petition experiments. In this assay, VEGFR-binding phage particles 
(displaying CPQPRPLC) (22, 23) are incubated with receptors 


Fig. 1. Drug design and protease degradation-resistance assay. (A) Sche¬ 
matic representation of Arg-Pro-Leu (RPL) retro-inversion. (B and C) Mass- 
spectroscopy analysis (MALDI-TOF) of RPL and D (LPR) pre- and postincubation 
with pancreatic enzymes. Peaks corresponding to the intact peptides and 
enzymatic degradation products are color-coded [red, RPL; blue, D (LPR)] and 
indicated by arrows. 
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Fig. 2. The tripeptide RPLand the drug d (LPR) target VEGFR- 
1 and NRP-1. (A) In a phage-competition assay, increasing 
concentrations of RPL (black circles) or D (LPR) (open squares) 
inhibit binding of CPQPRPLC-displaying phage to the immo¬ 
bilized receptors VEGFR-1 or NRP-1. (6) Chemical-shift changes 
induced on the D (LPR) peptidomimetic resonances by its 
binding to VEGFR-1 or NRP-1 at 25 °C are shown. 2D TOCSY 
spectra of D (LPR) alone (black color) or in the presence of the 
individual receptors (red color) are shown. Different regions of 
the spectra of D (LPR) are shown to indicate chemical-shift 
changes in individual D (LPR) residues. 


NPR-1, a result consistent with our studies of the RPL motif (23). 
In previous work, we showed that the interaction of RPL with 
NRP-1, but not with VEGFR-1, requires the key participation of 
the Pro residue, likely representing an evolutionary gain-of- 
function mutation (23). However, differently from the RPL motif, 
the Pro residue in D (LPR) also participates in the binding to 
VEGFR-1, which is shown by the chemical shift change of 13.7 Hz 
in the Pro.HDl hydrogen. These results confirm that D (LPR) 
binds to VEGFR-1 and NRP-1, but, in contrast to RPL, binding of 
d (LPR) to each individual receptor involves all amino acids in the 
peptidomimetic, including the Pro residue; these data could 
explain the similar affinity of D (LPR) observed for either VEGF 
receptor. Consistently, a differential binding pattern to each 
VEGF receptor was not observed with the D (LPR) peptidomi¬ 
metic, which has a similar IC 50 for either VEGFR-1 or NRP-1. 

Together, we show (z) that the mimic D (LPR) is less prone to 
proteolytic degradation, (zz) that both RPL and D (LPR) have a 
higher affinity for NRP-1, but not for VEGFR-1, than that observed 
with the original CPQPRPLC (22), and (Hi) that retro-inversion 
confers superior ligand binding to VEGF receptors; indeed, the IC 50 
of CPQPRPLC for NRP-1 (-50-100 nM) (22) is ~1.2 x 10 4 -fold to 
5 X 10 4 -fold higher than the IC 50 of RPL and D (LPR) for either 
receptor, a functional result suggesting that they are much stronger 
VEGF receptor ligands than the CPQPRPLC peptide. 

Effect of d (LPR) in Angiogenesis Models. Given its favorable affinity 
to the targeted VEGF receptors and resistance to degradation in 
vitro, we concluded that D (LPR) is a suitable candidate for 
evaluation of angiogenesis assays in vivo. To that end, we used 
three standard animal models to evaluate the effect of D (LPR) 
on angiogenesis (29-33). 

First, immunocompetent mice were implanted s.c. with 
VEGF 165 -containing Matrigel, with or without either D (LPR) or a 
negative control. On postimplantation day 7, neovascularization 
within each Matrigel plug was determined by quantification of 
hemoglobin. Matrigel plugs that had been preloaded with D (LPR) 
and VEGF 165 exhibited significantly fewer new vessels than 
Matrigel plugs that contained only VEGF 165 ; no detectable effect 
on blood-vessel formation was observed in the VEGF 165 -con- 
taining Matrigel plugs plus a control peptidomimetic (Fig. 3A). 
These results indicate that D (LPR) markedly inhibits VEGF- 
induced neovascularization in vivo. 

Second, we checked for a systemic therapeutic effect in a SCID- 
mouse model of human angiogenesis in which human endothelial 
cells, cultured in vivo within polymer implants, grow to form a 
microvasculature; then, this merges with the host (i.e., mouse) 
capillaries. These functional neovessels are lined with human 


endothelial cells that express angiogenesis markers and serve to 
transport the murine circulation. To evaluate the effect of D (LPR), 
we maintained mice implanted with scaffolds containing human a 

endothelial cells for 9 days. The endothelial cells formed non- g 

functional tubular structures containing empty lumens that slowly K 
matured to fully functional human blood vessels containing the g 
murine hematic cells and other elements (30). The implanted mice S 
received i.p. administration of D (LPR) or control peptidomimetic 
daily on days 12-21. The scaffolds were removed, and the number 
of functional blood vessels was determined by Factor VIII 
immunostaining. On day 21, all animals developed functional 
blood vessels with the expected cell density; these chimeric blood 
vessels also expressed the angiogenesis marker von Willebrand 
factor (vWF), a receptor for Factor VIII (Fig. 3 B). We observed a 
significant reduction (37%; t test withP < 0.001) in the number of 
blood vessels in mice treated with D (LPR) [32.1 ± 3.8 per field in 
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Fig. 3. Inhibition of neovascularization in vivo by D (LPR) treatment. (A) 
Representative pictures of Matrigel plugs containing 500 [ig/mL of D (LPR) or 
control after 7 days of implantation (Lower). Matrigel plugs were excised, 
and angiogenesis was quantified by measurement of the hemoglobin con¬ 
tent within the matrix. The bar graph shows representative mice from the 
experiment (Upper). (B) Immunostaining with anti-human factor VIII anti¬ 
body of scaffolds containing human microvascular endothelial cells (HDMEC) 
implanted into SCID mice that received 25 mg/kg i.p. daily of D (LPR) or 
control. (C) Number of human factor Vlll-positive blood vessels at 200x 
magnification. *Student's t test (P < 0.01). 
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the control peptidomimetic versus 20.3 ± 3.8 in the presence of 
d (LPR)]. A typical experiment is shown in Fig. 3. 

Third, we used a mouse model of retinopathy of prematurity (3, 
31-34). This model is generally accepted not only as representa¬ 
tive of the human condition, but also as the best available model 
of selected features of other retinal angiogenic diseases, including 
diabetic retinopathy and perhaps, age-related macular degener¬ 
ation (3, 33). In brief, mice are exposed to 75% 0 2 from postnatal 
day 7 (P7) to P12, a treatment that inhibits the formation of retinal 
blood vessels that are otherwise a normal developmental process 
at this age. The pups are returned to room air (21% 0 2 ). Their 
retinas are analyzed at P17-P21, by which time pathological 
neovascularization has supervened on the inner retinal surface 
(31-33). On their return to room air (P12), neonatal mice 
received either D (LPR) or control daily for 7 days; another neg¬ 
ative control cohort of mice received daily i.p. administration of 
the vehicle alone (PBS). At the end of treatment (P19), the eyes 
were examined histologically, and neovascularization was quan¬ 
tified by counting the number of blood vessels and endothelial 
cells protruding from the retina; a typical experiment is shown 
(Fig. 4*4). Overall, a significant reduction in angiogenesis (59%; t 
test with P < 0.05) was observed in D (LPR)-treated mice ( n = 7; 
median = 12; range = 0-5) relative to mice treated with the 
negative control (n = 8 ; median 26; range = 12-37) or the vehicle 
(n = 8 ; median = 29; range = 15-43) alone (Fig. 4 B). We also 
used this model to compare the efficacy of D (LPR) with bev- 
acizumab, a human monoclonal antibody. One should note that 
although bevacizumab has been reported to have lower (or no) 
reactivity with murine than with human VEGF (35), it has still 
shown antiangiogenic activity in ocular and tumor mouse models 

(36) and has later served as a positive control for new compounds 
in other experimental settings (37). At P12, mice received D (LPR) 
daily (20 mg/kg per day) or bevacizumab every other day (1 mg/kg 
per dose). A significant reduction in angiogenesis (72%; t test with 
P < 0.05) was observed in either D (LPR)-treated mice (n = 9; 
median = 11; range = 4-26) or bevacizumab-treated mice (n = 9; 
median = 12; range = 1-35) relative to mice that received vehicle 
alone (n = 4; median = 42; range = 19-70); this direct compar¬ 
ison in a side-by-side experiment (Fig. 4C) does suggest that the 
magnitude of the systemic therapeutic effect of D (LPR) may be in 
a similar range of other FDA-approved agents in clinical use. 

The recent report, in which the inhibitor of Src and Yes adminis¬ 
tered topically blocked pathological angiogenesis in animal models 

(37) , stimulated our reasoning to determine if D (LPR) would also 
penetrate the vitreous humor and be effective as an eye-drop (e.d.) 
formulation for topical application (Fig. 4 D and Fig. S2*4-C). We 
first found that topically administered D (LPR) to the eyes of mice 
resulted in accumulation of the drug (n = 6 ; median = 1.25 pM; 
range = 0.65-2.14 pM) within the vitreous humor (Fig. S2*4-C). 
Then, to evaluate the effect of topically administered D (LPR), we 
put P7 mice in the oxygen chamber; at P12, animals were treated by 
laying D (LPR)-containing eye drops on the cornea (200 pg e.d. three 
times a day) for 7 days. At the end of treatment on P19, the eyes were 
examined histologically, and neovascularization was quantified. 
Again, despite minimal optimization in dose and schedule, a sig¬ 
nificant reduction in angiogenesis (53%; t test with P < 0.05) was 
observed in mice treated topically with D (LPR) (n = 8 ; median = 7; 
range = 2-23) relative to those receiving vehicle (Systane) alone 
(n = 9; median = 16; range = 5^13; Fig. 4 D). These results suggest 
that d (LPR) may serve as a lead for the development of soluble and 
permeable small drug molecules that can be administered in eye 
drops. If so, an eye-drop drug formulation would represent a great 
improvement for many patients with blinding diseases who now must 
receive intraocular injections of agents with larger molecular 
weights, such as monoclonal antibodies. 

Finally, in preliminary studies, we have begun to evaluate 
whether or not D (LPR) might also have effects against tumors. As 
an initial tumor model, we have used an isogenic mouse mammary 
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Fig. 4. Systemic and topical treatment with D (LPR) inhibits retinal angio¬ 
genesis in a mouse retinopathy-of-prematurity model. Retinal neo¬ 
vascularization was induced in C57BL/6 neonatal mice by exposure to 75% 
oxygen (P7-P12) followed by daily i.p. administration of D (LPR) or control (20 
mg/kg per day). (>A) H&E-stained retinal sections (PI9) showed new blood 
vessels at the retinal inner surface (arrows) in control animals (Top and Cen¬ 
ter). There was marked reduction in D (LPR)-treated mice (Bottom). ( B) PI9 
quantification of neovascular nuclei protruding into the vitreous space. Serial 
sections (n > 5) of eyes (n> 10) were quantified in each group. Treatment with 
d (LPR) yielded a significant reduction in nuclei relative to vehicle or control. 
(C) In systemic (i.p.) delivery, the magnitude of D (LPR)-induced neo¬ 
vascularization inhibition was similar to that observed by treatment with the 
monoclonal antibody bevacizumab. (D) Topical delivery of D (LPR) in an eye- 
drop formulation (200 |ig e.d. three times daily) also induced a significant 
reduction in abnormal retinal angiogenesis. Shown is mean ± SEM in each 
experiment.*. Student's t test (P < 0.05). 


cancer that is both aggressive and angiogenic (38). We first con¬ 
firmed the ability of the CPQPRPLC-targeted phage to home i.v. 
to established tumors in vivo relative to the control nontargeted 
phage (Fig. 5*4). We next treated tumor-bearing mice with vehicle, 
control peptide, or D (LPR). A significant reduction in tumor vol¬ 
ume was detected in the cohort receiving D (LPR) relative to the 
control cohorts (Fig. 5 B). Future preclinical studies will determine 
the full translational value of this drug prototype against cancer in 
addition to angiogenic retinopathies. 

Mechanism of Action of D (LPR) on VEGF Receptor Pathways. The well- 
established involvement of VEGFR-1 and NRP-1 in endothelial cell 
proliferation (15,39) has prompted us to evaluate the effects of the 
drug d (LPR) in this setting. However, several experimental chal¬ 
lenges are evident in this complex ligand-receptor systematic anal¬ 
ysis. VEGF 165 also binds to VEGFR-2, an interaction that mediates 
most of its mitogenic activity; moreover, P1GF, a VEGFR-1- and 
NRP-l-specific ligand that induces VEGFR-1 phosphorylation, 
extracellular signal-regulated kinase (ERK) activation, and endo¬ 
thelial cell proliferation (15, 39), is another potential target in 
angiogenesis (13, 21). Thus, given the similar receptor-binding 
profiles of the RPL motif and P1GF (22, 23), we chose to first study 
the effect of D (LPR) on this specific pathway. Human umbilical-vein 
endothelial cells (HUVEC) incubated with P1GF in the presence of 
increasing concentrations of D (LPR) showed a marked growth 
reduction relative to HUVEC cultured with no D (LPR); a control 
peptide had no detectable effect (Fig. 6 A). Consistently, in contrast 
to its effect on PIGF-induced HUVEC proliferation, D (LPR) had 
no detectable effect on cell growth in the presence of VEGF 165 , 
which acts mainly through the VEGFR-2 pathway. 

To evaluate whether or not the inhibition of endothelial cell 
proliferation by D (LPR) is mediated through its binding to VEGFR- 
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Fig. 5. CPQPRPLC-targeted phage homed to tumors, and D (LPR) treat¬ 
ment reduced tumor growth. ( A ) Tumor-bearing mice received 10'° 
transducing units (TU) of either CPQPRPLC phage or insertless phage 
(negative control). After 24 h of circulation, phage homing to tissues was 
evaluated by counting the relative TU. The brain served as a negative 
control organ. (B) Tumor-bearing mice (n = 7 per cohort) were treated 
with vehicle alone, D (LPR), or control peptide (50 mg/kg/day for 5 days). 
Two independent experiments were performed with similar results. A 
representative experiment is shown. ‘Student's f test (P = 0.02). 


1 and/or NRP-1, we analyzed the phosphorylation of VEGFR-1 and 
ERK. d (LPR) inhibited VEGFR-1 Tyrl213 phosphorylation and 
reduced ERK phosphorylation by ~55% (Fig. 6/1: Fig. S3/1 and R), 
again in agreement with the previous results (Fig. 6A). VEGFR-1 
and ERK phosphorylation were not altered by a negative control 
peptide. Similarly, we observed that the treatment of cells with 
d (LPR) affected neither PIGF-induced Akt phosphorylation 
nor ERK phosphorylation if endothelial cells were stimulated by 
VEGF instead of P1GF; both of these results suggest specificity. 
d (LPR) behaved similarly to other NRP-l-binding peptides with 
anti-angiogenic activity. Tuftsin (TKPPR) (40) and hexapeptide 
A7R (ATWLPPR) (41) both bind to NRP-1 and inhibit neo¬ 
vascularization in different assays; another peptide derived from the 
VEGF-E C-terminal domain (RPPR) also binds to NRP-1 and 
inhibits angiogenesis (42). Of note, all of these NRP-l-binding 
sequences share the terminal dipeptide motif Pro-Arg. Recently, a 
consensus sequence R / K XX R / K has also been reported as an NRP-l- 
binding motif (43). Because D (LPR) does not functionally affect 
VEGF^-stimulated endothelial cell activation and proliferation 
through VEGFR-2, we conclude that D (LPR) likely exerts its anti- 
angiogenic effects through VEGFR-1- and/or NRP-1-specific 
pathways; to our knowledge, RPL and D (LPR) are the only known 
reagents that target both NRP-1 and VEGFR-1. In summary, these 
signal-transduction data establish the basis of a specific mechanism 
of action for the RPL motif and its degradation-resistant counter¬ 
part, the peptidomimetic D (LPR). 
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Fig. 6. Effect of D (LPR) on VEGFR-1-meditated endothelial cell pro¬ 
liferation and signaling. (A) Dose-dependent effect of D (LPR) on PIGF- 
induced HUVEC proliferation. Results are presented as values relative to 
BSA. ( B ) Immunoblot analysis of phosphorylated and total forms of VEGFR- 
1, ERK, and Akt. PIGF was used at 100 ng/mL, and d(LPR) or control was 
used at 10 |ig/ml_. 


Conclusion 

Based on a subtractive combinatorial screening on human angio¬ 
genic endothelial cells and structure-function studies (22,23), here 
we rationally designed, synthesized, and functionally validated 
small-molecule targeting VEGF receptors, namely VEGFR-1- 
and NRP-l-specific pathways. This antiangiogenic drug, D (LPR), 
showed promising attributes in vitro, in cellulo, and in vivo in 
several mouse models. The data presented in this study support the 
working hypothesis that drugs against members of the VEGF 
family that do not signal through the VEGFR-2 axis may also have 
important biomedical applications. This fact reinforces recent 
reports of the roles of VEGFR-1 and NRP-1 in abnormal angio¬ 
genesis (18,19, 44). 

Currently available inhibitors of receptor tyrosine-kinase recep¬ 
tors belong to one of two classes of drugs: small molecules affecting 
the intracellular kinase domain or large antibodies binding to the 
extracellular domain. Our results show that small molecules tar¬ 
geting an extracellular receptor ligand-binding domain comprise an 
unrecognized candidate class of receptor tyrosine-kinase inhibitors. 

Even without much optimization in dose and schedule, we show 
that d (LPR) is water-soluble and degradation-resistant, which are 
favorable biochemical features for possible translation into an 
orally or topically administered drug. Of course, although small 
molecules might have a few inherent theoretical advantages with 
respect to tissue permeability, biodistribution, and cost effective¬ 
ness, it remains to be determined whether or not the prototype 
introduced here will prove at least as effective as currently avail¬ 
able drugs (7-10) or newly engineered antibodies (45). If so, 
development of D (LPR) or its derivatives as antiangiogenic drugs 
in an eye-drop formulation would represent an improvement in 
quality of life for patients with retinopathies. Unequivocally, using 
eye drops to avoid distinctly unpleasant, risky, and expensive 
repetitive injections into the eye would have universal appeal. 

Material and Methods 

Reagents and Cell Culture. All peptides and peptidomimetics were synthesized 
and purified by HPLC to a purity greater than 95% by Polypeptide Labo¬ 
ratories. The parental peptide sequence CPQPRPLC, along with its motifs [i.e., 
linear or cyclic RPL peptide, linear or cyclic negative control Ala-Pro-Ala (APA) 
peptide, linear or cyclic D (LPR) peptidomimetic, and linear or cyclic negative 
control peptidomimetic D (APA)], were used correspondingly as appropriate, 
unless otherwise specified. 

VEGF receptors and ligands were purchased from R&D Systems or Leinco 
Technologies. Heparin, Drabkin's reagent, hemoglobin, and Brij-35 were 
obtained from Sigma-Aldrich. Phospho-tyrosine monoclonal antibody (sc- 
7020) was purchased from Santa Cruz Biotechnology, and VEGFR-1 poly¬ 
clonal sera were purchased from R&D Systems (AF321). Anti-pERK1/2, pAkt 
(Ser473), anti-Akt, and anti-p44/42 MAPK (ERK1/2) were obtained from Cell 
Signaling Technology. HUVEC (Lonza) was grown on gelatin-coated dishes in 
endothelial-cell basal medium (EBM) containing endothelial growth factors 
(Lonza), 2% heat-inactivated FBS, 50 U/mL penicillin-streptomycin, and 2 
mM L-glutamine. Cells were maintained at 37 °C and 5% C0 2 . 

Animals. The Institutional Animal Care and Use Committees at the University 
of Texas M.D. Anderson Cancer Center and the University of Michigan 
approved all animal experimentation. This study adhered to the Association 
for Research in Vision and Ophthalmology (ARVO) statement for the use of 
animals in ophthalmic and vision research. Mice were bought from Harlan. 

Protease Degradation-Resistance Assay. D (LPR) or RPL was diluted to 500 (ig/mL 
in PBS and incubated with serially increasing concentrations of pancreatin 
(Sigma-Aldrich) for 2 h at 37 °C. Samples were analyzed by MALDI-TOF. 

Peptide-Targeted Phage Binding and Ligand-Competition Assay. A phage¬ 
binding assay on purified proteins and ligand-competition assays were car¬ 
ried out as described (22) in SI Materials and Methods. 

NMR Spectroscopy. NMR experiments were performed as described (23, 46) in 
SI Materials and Methods. 
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Cell Proliferation, Signal Transduction, and Phosphorylation Analysis. We 

analyzed HUVEC proliferation, signal-transduction pathways, and VEGF 
receptor phosphorylation; for details, see SI Materials and Methods. 

Mass Spectrometry Analysis of Drug Penetration. D (LPR) was detected and 
quantified in the vitreous humor after topical e.d. application. D (LPR) (2 \il of a 
100 mg/mL solution in Systane) was dropped topically on the external corneal 
surface of C57BL/6 mice (e.d. every 2 h; n = 3 doses). Two hours after the third 
and final dose, mice were killed, eyes were enucleated, and vitreous humor 
was gently released and collected by centrifugation (10,000 x g for 1 minute). 
Vitreous humor samples or D (LPR) standards were diluted 1:10 in a-cyano-4- 
hydroxyl cinnamic acid (10 mg/mL in 50:50 acetonitrile:water; 0.1% trifluor- 
acetic acid final concentration), spotted on the target, and analyzed in a 
MALDI-TOF/TOF System [4700 Proteomics Analyzer; Applied Biosystems (ABI)]. 

Angiogenesis Assays. We used an in vivo Matrigel angiogenesis assay asdescribed 
(29). For the model of human angiogenesis, SCID mice were implanted with 10 6 
human dermal microvascular endothelial cells (HDMEC) highly porous poly-L 
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(lactic) acid scaffolds. Two scaffolds were used per mouse, one on each flank (30). 
For the retinal neovascularization angiogenesis assay, we used C57BL/6 mouse 
pups with their nursing mothers (33). For details, see SI Materials and Methods. 

Tumor Targeting. Selective phage homing to tumors and peptide treatment 
were performed as described (38). See SI Materials and Methods for details. 

Statistics. The appropriate statistical test was used for the analysis of assays as 
indicated. Statistical significance was set at P < 0.05. For details, see SI 
Materials and Methods. 
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1. ABSTRACT 

We review the semiparametric approach 
previously proposed by Kong and Lee and extend it 
to a case in which the dose-effect curves follow the 
Emax model instead of the median effect equation. 
When the maximum effects for the investigated drugs 
are different, we provide a procedure to obtain the 
additive effect based on the Loewe additivity model. 
Then, we apply a bivariate thin plate spline approach 
to estimate the effect beyond additivity along with its 
95% point-wise confidence interval as well as its 
95% simultaneous confidence interval for any 
combination dose. Thus, synergy, additivity, and 
antagonism can be identified. The advantages of the 
method are that it provides an overall assessment of 
the combination effect on the entire two-dimensional 
dose space spanned by the experimental doses, and it 
enables us to identify complex patterns of drug 
interaction in combination studies. In addition, this 
approach is robust to outliers. To illustrate this 
procedure, we analyzed data from two case studies. 


2. INTRODUCTION 

Studies of interactions among biologically active 
agents, such as drugs, carcinogens, or environmental 
pollutants have become increasingly important in many 
branches of biomedical research. For example, in cancer 
chemotherapy, the therapeutic effect of many anticancer 
drugs is limited when they are used as single drugs. 
Finding combination therapies with increased treatment 
effect and decreased toxicity is an active and promising 
research area (1). An effective and accurate evaluation 
of drug interaction for in vitro and/or in vivo studies can 
help to determine whether a combination therapy should 
be further investigated. 

The literature supports the Loewe additivity 
model as the gold standard for defining drug interactions 
(2-5). The Loewe additivity model defines an additive 
effect based on the following equation 

d i , d 2 _ . (El) 
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Figure 1. Dose-effect curves. Panel A shows a typical 
curve with the maximum effect, E max , less than 1. ED S0 is 
the dose required to produce half of the maximum effect, E 0 - 
0.5E max . Panel B shows two dose-effect curves with different 
maximum effects, say, E„ ULxI >E max2 . In Panel B, drug 1 at dose 
level D IEmax2 j produces the maximum effect produced by drug 
2 alone. 


By solving equation ( E2 ), we can obtain the predicted 
additive effect y. If the observed effect at (d/,d 2 ) is more 
than (equal to, or less than) the predicted effect, we say that 
the combination dose (d h d 2 ) is synergistic (additive, or 
antagonistic). 


In our previous studies (6-8), we found that Chou 
and Talalay’s (9) median effect equation was appropriate to 
describe the dose-effect relationships. Chou and Talalay’s 
median effect equation, in its nonlinear fonn, can be 
written as follows: 


(d / EP i0 )"' 

1 + (d / ED 50 )” 


m 


where ED S0 is the dose required to produce 50% of the 
maximum effect, and m is the slope factor (Hill coefficient), 
measuring the sensitivity of the effect to the dose range of 
the drug. For the data in the case studies (see Section 4 for 
details), we found that the median effect equation (E3) 
could not adequately describe the marginal dose-effect 
relationship because the plateau of the effect does not go to 
zero when a large dose level of a drug is applied. Instead, 
the following E max model {E4) presented by Ting (10) 
describes the dose-effect relationship very well: 


E = E _ (d/EP„TE.., 

" 1 + (d/ED„)"' 

In the E max model {E4), E 0 is the base effect, corresponding 
to the measurement of response when no drug is applied; 
E max is the maximum effect attributable to the drag; ED S0 is 
the dose level producing half of E max , i.e., ED S0 is the dose 
level required to produce the effect at a value of E 0 -0.5E max 
(Figure l.A); d is the dose level, which produces the effect 
E. Thus, E 0 -E max will be the asymptotic net effect when a 
large dose of the drag is applied. Different maximum 
effects for agents may reflect different mechanisms of 
action for the drags (11). For in vitro studies, cell growth is 
commonly used as an endpoint to measure the effect of 
inhibitors. When no drags (or, no inhibitors) are applied, 
the cell proliferation obtains its largest value. In this case, 
the dose-effect curve is similar to the one shown in Figure 
l.A, where E max > 0. The effect range determined by the 
dose-effect curve lies between (E 0 -E max , E 0 ), and the 
asymptotic measurement for the maximum drag effect is 
Eg~E max . 


Here y is the predicted additive effect, which is produced 
by the combination dose (d,, d 2 ) when the two drugs do not 
interact; and D yI and D y2 are the respective doses of drag 1 
and drug 2 required to produce the same effect y when 
applied alone. If we know the dose-effect relationship for 
each single agent, say E(d)=f(d) for agent i ((=1,2), we are 
able to obtain the dose D y i by using the inverse function of 
f, denoted as f rI (y). By replacing D y , and D y2 m equation 
(E 1) with /{’{y) and f 2 ’(y), respectively, we can obtain 
an equation that includes the single variable y, i.e., 

- P -+ - P -= 1 • ( E2 ) 

/,” 1 f y ) f 2 ~'( y ) 


In the investigation of drag interactions, 
theoretically, we expect the measurements for the endpoints 
to be similar when no drag is applied. We use the 
measurements that are made without any drugs applied as 
controls. However, we realize that environmental factors 
other than the experimental conditions may lead to different 
measurements for the controls under different environments. 
Thus, we may need to standardize the observed effects by 
the mean of the control for each environmental condition (1, 
6 ), and then take Ed=l. In this paper, we consider the 
following dose-effect curve for each drag: 


{d / E D 50 )" E ma 

1 + (4 / ED 50 )" 


(£5) 
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which assumes an effect at value 1 when no drug is applied. 
Once we obtain the dose-effect curve for each single drug, 
we can use the Loewe additivity model (El) to obtain the 
additive effect for any combination dose, particularly, for 
the combination dose with observed effects. Thus, we may 
obtain the differences in observed effects and the predicted 
additive effect at each observed combination dose. We use 
the bivariate thin plate splines approach (12) to estimate the 
relationship between these differences and the combination 
doses. Consequently, we obtain a response surface of the 
differences over the combination doses, and can construct 
95% confidence surfaces of the response surface. When the 
dose-response curves decrease with increasing dose, an 
observed effect that is smaller in magnitude than the 
prediction of Loewe additivity implies that the observed 
effect is stronger than the predicted effect, indicating that 
the combination dose is synergistic. Conversely, an 
observed effect that is larger in magnitude than the 
prediction of Loewe additivity implies that the observed 
effect is weaker than the predicted effect, indicating that the 
combination dose is antagonistic. However, these 
inferences should be made based on sound statistical 
considerations. Based on the fitted response surface and its 
upper and lower confidence surfaces, we can judge whether 
the difference is significantly less than zero, not different 
from zero, or greater than zero, and we can detennine the 
patterns of drug interaction in tenns of synergy, additivity, 
and antagonism. This paper is organized as follows. In 
Section 3.1, we describe the underlying stochastic 
assumption for the dose-effect curve and the procedure to 
estimate the parameters in each marginal dose-effect curve. 
In Section 3.2, we explain how we obtained the additive 
response surface based on the Loewe additivity model, in 
particular for studies in which the maximum effects of the 
drugs are different. In Section 3.3, we explain how we 
assessed the response surface beyond the additivity surface 
and how we constructed its 95% confidence surfaces. 
These procedures allow us to identify drug interactions in 
tenns of synergy, additivity, or antagonism for all of the 
combination doses in the region containing the combination 
design points. In Section 4, we illustrate the procedure 
introduced in Section 3 by analyzing real data in two case 
studies. The last section is devoted to a short summary and 
perspective. 

3. STATISTICAL METHODS 

Assume that the observed data are (dn, d 2 i, Ej) for 
i=l, ... , n. For each i, (d n , d 2i ) is the observed 
combination dose and E, is the corresponding observed 
effect. When only a single drug is applied (drug 1 or drug 
2), we refer to the observations as marginal observations. 
That is, the marginal observations for drug 1 are the 

observations (dn, d 2i , £,) with d 2 ,=0 (i=l . ri), and the 

marginal observations for drug 2 are the observations (dn, 
d 2i , £,) with djf =0 (i=l, ... , n). The marginal dose-effect 
curves are estimated based on the marginal observations, 
which we present in Section 3.1. It is commonly accepted 
that the additive effect should be obtained based on the 
dose-effect relationships for each individual drug. In 
Section 3.2, we explain how we obtained the predicted 


effect at combination dose (d h d 2 ) based on the Loewe 
additivity model (El) and the marginal dose-effect curves 
(E5). We denote the predicted effect as F (d v d 2 ) ■ By 

definition, there is no drug interaction when only a single 
drug is applied. Therefore, the term for drug interaction is 
meaningful only for the combination dose (d h d 2 ) with 
nonzero di and d 2 . In Section 3.3, we develop a procedure 
to estimate the effect beyond additivity for any combination 
dose (dn d 2 ) with nonzero dj and d 2 , denoted by f{d, cQ. 

3.1. Estimating dose-effect curves 

Chou and Talalay (9), Chou (4), and Kong and 
Lee (6) estimated the parameters in the median effect 
equation (E3) by using the transfonnation 
log E/(\-E ) = mlog( d / ED S0 ) = a + mlog( d ) and a PPty in g the 
least squares method in the linear regression setting, where 
a=-m log( ED 50 ). The case studies we evaluated (see 
Section 4) included many low doses, the effects of which 
are larger than 1 after setting the effect at the control level 
to be 1. Thus, a similar transfonnation for models (E3) and 
(E5) cannot be carried out. Because the measurements are 
continuous, we propose applying nonlinear least squares 
regression to estimate the parameters in models (E3) and 
(E5) with the assumption that a stochastic error with N(0, 
a 2 ) exists on the right-hand side of the two models. We note 
that estimating the dose-effect curve for drug i requires 
only the marginal observations for drug i with i=l, 2. We 
apply nonlinear least squares regression to estimate the 
parameters in the marginal dose-effect curves in the two 
case studies (shown in Section 4). 

3.2. Predicting additive effects 

We obtain the predicted effect based on the 
Loewe additivity model (E 1) when model (E J) is applied 
as the marginal dose-effect curve for each drug. When 
model (E 5) is applied, the dose required to produce effect 
E is given by 


However, the maximum effects for the two drugs may be 
different. Without a loss of generality, we assume that the 
maximum effect of drug 1 is larger than the maximum 
effect of drug 2, i.e., E maxI >E max2 . For this case, when the 
dose-effect curves are decreasing, neither drug applied 
alone can produce an effect in (0, 1- E mwc ,i) (Figure 1.B). 
Based on the Loewe additivity model (E 1), we can see that 
the predicted effect will be in the interval of (1- E^j, 1) 
for any combination dose (dn d 2 ). 

Recall that the Loewe additivity model (El) can 
be rewritten as 4, + (d v , /D, 2 )d 2 = D ,- and the ratio 

D t /D (denoted as p(y)), is often called the relative 

potency of drug 2 versus drug 1 at effect level y, which 
means that the effect of 1 unit of drug 2 produces the same 
effect as p(y) units of drug 1. Generally speaking, the 
relative potency p(y) is dose-dependent (7). When there is 
no drug interaction, the effect of the combination dose (dn 
d 2 ) produces the same effect as drug 1 alone at dose level 
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Figure 2. Additive isoboles. Panel A shows additive 
isobole under the Loewe additivity model. Any 

PO 

combination dose (dp d 2 ) on the line ^ produces the 
same effect as drug 1 alone at dose D y l ( dj+ p(y)d 2 ), or 
drug 2 alone at dose D y2 ( p(y)' 1 d 2 +d 2 ), y is the 
predicted effect for any combination dose at the line 

P Q , and p(y) is the relative potency at the effect level 
y. Panel B shows that the additive isoboles associated 
with the effect level in ( 1-E max2 , 1) cover the bound 
between the two solid vertical lines under the 
assumption E max ,>E rna:2 . Each dashed line corresponds 
to an isobole. 


D y j, which equals d I +p(y)d 2 , or drug 2 alone at dose D y>2 , 
which equals p(y)' I dj+d 2 (Figure 2.A). All the combination 
doses (dp d 2 ) on the line p q have the predicted effect y, 
where p q is the line connecting the points P=( D y l , 0) and 
Q=(0 ,D y 2 ) (Figure 2.A). This line p q is often called an 
additive isobole (3, 4). 


When E maxl >E maXt2) as illustrated in Figure l.B, 
we can calculate the dose of drug 1 required to produce the 
maximum effect of drug 2, i.e., 

y/-, Note that the range of 

the effect for drug 2 is ( 1- E„ mx2 , 1), which could be 
produced by drug 1 alone at a dose level between 0 and 
D 1 E [ . Based on the Loewe additivity model, for any 

level of effect y in (1-E max2 , 1), the associated additive 
isobole is the line connecting (D yI , 0) and (0, D y2 ). When y 
varies from 1-E„ mx2 to 1, the dose of drug 1 required to 
produce effect y varies from D t E , to 0, while the dose 

of drug 2 required to produce effect y varies from infinitely 
large to 0. In particular, when y is close to J- E max2 , the 
dose of drug 1 required to produce effect y is close 
to d i e , and the dose of drug 2 required to produce 

effect y goes to infinity. Figure 2.B shows four typical 
additive isoboles (dashed lines), which connect equally 
effective doses of drug 1 and drug 2 at different effect 
levels. From left to right, the effect level decreases in 
magnitude. The additive isoboles may not be parallel 
because the relative potency may not be constant. When y 
varies in (1-E max2 , 1), all the additive isoboles cover the 
region between the two solid vertical lines (Figure 2.B). 
Meanwhile, any combination dose (d 2 , d 2 ) with 

d<D must lie on one of these isoboles. Therefore, 

for any combination dose (dp d ?) with , n , the 

predicted additive effect, say y, can be obtained by solving 
the following nonlinear equation for E: 


1 - E 

0- E ■»...) 


I - E 

0 - £ ... =) 


Now we examine the predicted effect for the combination 
dose (d h d 2 ) with d t > D X _ E , ■ When d | > D ^ 

drug 1 alone at dose d t produces an 
effect , , . „ , an effect beyond 


(</ , / ED iG , )" 


(</ , / E D s0 , )" 


1 - E lnax2 , which cannot be produced by drug 2 alone at any 
dose level. In this case, if the effect of the combination 
dose is more than the effect produced by drug 1 alone, then 
drug 2 potentiates the effect of drug 1, and synergy occurs 
because the predicted additive effect is the effect produced 
by drug 1 alone at dose level d b Alternatively, because 
drug 2 alone cannot produce such an effect, we could 
consider D y2 to be infinitely large. Thus, the Loewe 
additivity model is reduced to d/D y ,= I, and the predicted 
additive effect is the effect produced by drug 1 alone at D y I . 
No matter which approach we take, the predicted effect y is 
the same. We can determine the predicted effect y from the 
following equation: 


,v 


/,(»,.,)= /, ( d , > = 1 


(d , / E D !0 , )"' E,,,, 
!+(</,/ ED,,, )-' 


Thus, we can obtain the predicted effect for any 
combination dose (d b d 2 ). Using notation similar to that 
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from the previous study of Kong and Lee (6), we denote the 
predicted effect at the combination dose ( dj,d 2 ) as 
F (d v d 2 ) • I 11 the following subsection, we develop a 

procedure to estimate the effect beyond additivity, denoted 
by f(d u d 2 ) and to construct its 95% point-wise 

confidence interval and simultaneous confidence interval. 
We assess the drug-drug interaction based on the 
estimated f (d t ,d 2 ) and its confidence intervals. 

3.3. Assessing drug interactions using bivariate thin 
plate splines 

By definition, there is no drug interaction when a 
single drug is used alone. Therefore, we set the differences 
between the observed and predicted effects at zero for the 
marginal observations, that is, for the combination doses 
(d h d 2 ) with only one nonzero component. We apply a 
bivariate thin plate spline to estimate the differences as a 
function of the combination dose, say, f(dj,d 2 ). When the 
dose-effect curves are decreasing,///, d 2 )<0 indicates that 
the observed effect is more than the predicted effect at 
(i di,d 2 ), thus the combination dose (di,d 2 ) is synergistic. 
Inversely, f(di, d 2 )>0 indicates that the combination dose 
(d It d 2 ) is antagonistic. Kong and Lee (6) used the different 
observed combination doses as the knots for the bivariate 
thin plate splines (12). The choice of knots works well 
when the number of combination doses is not large and the 
combination doses are not close, such as those from 
factorial designs or uniform designs (13). However, when 
ray designs are applied and the doses are low, the 
combination doses are very close and some columns of the 
design matrix (i.e., SI and Z| in the following notations) 
may be highly correlated, which results in a nearly singular 
matrix for estimating the parameters in the function /. If 
that happens, a low rank smoothing thin plate spline (14) 
should be applied to avoid the singularity of the involved 
matrix due to the low rank of the design matrix. An 
example of such a low rank smoothing thin plate spline is 
the knots fonned by selecting the observed combination 
doses with distances larger than some pre-specified small 
number. Alternatively, one may use an appropriate 
transfonnation of the dose, such as the log-transfonnation, 
to evenly distribute the experimental combination doses in 
certain regions in order to improve the ability to estimate 
the effect beyond additivity using bivariate thin plate 
splines. 


Suppose the selected knots are (K xk ,K lk ^ 

( k=l . K) , then the bivariate thin plate spline can be 

expressed by the following fonn: 

f( di,di) = y 0 + y x d\ + y 2 d 2 

+ X ( M ( d i d2 Y - (*u > k u ) r M )> 

where y = (y 0 , r,, y 2 ) T and v = ( v . Vjf ) r are the 

parameters in the thin plate spline function/, and 
r/(r) = —>' 2 l°g f 2 for r > 0 and rj{ r ) = 0 for r = 0. 

distance in the expression is the Euclidean distance. Let us 
denote 


n = [r?(l 11 (*U ■ f -(*L ■ f 11)^ t e ^, 

Yr =[(/ -F p {d n 4^)\^ & ^ v ...{E n J 

*=[1, d,. 4U z, =UiiK,4fIi) 1 e/r 1 , 

a ndf r =[t«i.%] KlA e«“ 

The coefficient y and V can be obtained by minimizing the 
following penalized residual sum of squares: 

(Y R -Xy- Z,v ) T (Y r - Xy - Z, v ) + A v T Sl v (E6) 

subject to Tv — 0 . 

Following the notation by Kong and Lee (6) and 
Green and Silverman (12), consider a QR decomposition of 
T T , say T t =FG, where F is a K x K orthogonal matrix and 
G is a K x 3 upper triangular matrix. Let Fj be the first 
three columns of F, and F 2 be the last K-3 columns of F. 
We can show that Tv- 0 if and only if V can be 
expressed as F 2 / for some /. Thus, the penalized residual 
sum of squares can be expressed as 
(Y R -Xr- Z t F 2 ^) T (r R -Xy- Z,F 2 £)+At T F 2 T SlF 2 £ ■ 

Set u = (f/fif, y £ and Z = Z,F 2 ( F,J Q F 2 ) j , 
where t q f xf is the matrix square root of f 2 t tl F, ■ 
The penalized residual sum of squares can be expressed as 

(Y R - Xy- Zu )' (Y R - Xy- Zu)+Au T u ( E7) 

Based on the approach proposed by Ruppert, Wand, and 
Carroll (15) and Wang (16), and detailed by Kong and Lee 
(6) in this setting, the parameters in tenns of y and u can 
be obtained by solving the following mixed effect model: 

Y r — X y + Yu + s ( E8) 


where 


( u \ | 

7oj 

f a 2 I K , 0 'jV 








UJ 1 

,l°J 

l o *11.)) 



Thus, 

the 

parameters can 

be 

estimated by 

= 1 


c + adJ' C t Y r 

with 

* = ■ 

[u ) 





= z] > an d D=diag(0, 0, 0, 1, ..., 1), where the 

number of zeros in the matrix D corresponds to the number 
of y , ' s ( i=0,l,2 ) and the number of ones corresponds to 

the number of u.'s {i = \,...,K— 3). Under these 

notations, for any combination dose (d b d 2 ), f(d b d 2 ) can 
be predicted by f(d i ,d 2 ) = y 0 + y l d l +f 2 d 2 + Z 0 u wit h 

z o = [ ? ?( | l(4 1 ,d 2 ) r *- 2l ) T ")] l<t<Jf F 2 (F/aF 2 y ,/2 > and 

an approximate 100(l-a)% point-wise confidence interval 
for f(dj,d 2 ) can be constructed by 

f(d t ,d 2 )± z a/ 2 <T e ^jc d (C T C + Xd)~' Cj , 
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where C d =(l, dj, d 2 , Z 0 ) and Z a/2 is the upper 

«/2xl00% percentile of the standard normal distribution. 
Thus, we can construct a 95% point-wise confidence band 
for/= 0 by taking the intercept lines of the lower and upper 
confidence surfaces with the dose plane. We then claim that 
the combination doses in the area outside the confidence 
bound with f < 0 are synergistic, the combination doses 
inside the bound are additive, and the combination doses in 
the area outside the bound with/ > 0 are antagonistic. 

Based on the 95% point-wise confidence intervals 
constructed from ( E9 ), some combination doses that are 
additive may be claimed as synergistic or antagonistic. To 
be conservative and to control the family-wise error rate, 
we also construct the 95% lower and upper simultaneous 
confidence surfaces, which are based on a format similar 

to that of equation ( E9 ) except that a/2 is replaced by 
IF n F x F “ 

V cuf xr E „,_ E „ ( 17 ), where EDF is the 
effective degrees of freedom from the resulting bivariate 
smoothing splines (12) and is defined as the trace of the 

. c(c T c + iD) , c T , F" „„„ . 

matrix t ' , and edf.u edf ls q le 

upper lOOxa percentile of the F distribution with 
EDF and n-EDF degrees of freedom. Here n is the total 
number of observations except controls. A 95% 
simultaneous confidence band for / = 0 can be formed 
by taking the intercept lines of the 95% lower and upper 
simultaneous confidence surfaces with the dose plane. 
For the two case studies presented in the next section, 
we will present the plots of different patterns of drug 
interaction based on the respective 95% point-wise 
confidence intervals and the 95% simultaneous 
confidence band. 

4. CASE STUDIES 

The following two data sets were provided by Dr. 
William R. Greco. The data were collected during a study 
of the joint effect of trimetrexate (TMQ) and AG2034 on 
cells grown in medium with different concentrations of 
folic acid (FA): 2.3 pM in the first experiment (the low FA 
experiment), and 78 pM in the second experiment (the high 
FA experiment). TMQ is a lipophilic inhibitor of the 
enzyme dihydrofolate reductase, and AG2034 is an 
inhibitor of the enzyme glycinamide ribonucleotide 
formyltransferase. The unit of drug concentration is the 
micromole (pM) for all data analyzed in the case studies. 
The endpoint was the growth of human ileocecal 
adenocarcinoma (HCT-8) cells in 96-well assay plates as 
measured by the sulforhodamine B (SRB) protein stain. 
The drug treatments were randomly assigned to the cells in 
the assay wells. Each 96-well plate included 8 wells as 
instrumental blanks (no cells); thus 88 wells were used for 
drug treatments. Five replicate plates were used for each set 
of 88 treated wells. Each of the two large data sets were 
obtained from two 5-plate stacks with a maximum of 880 
treated wells per experiment. Each experiment included 
110 control wells, in which no drugs were applied to the 
cells. Ray designs were used, with the experimental doses 


being distributed in 14 rays, including two rays for TMQ 
and AG2034 when used alone. The complete details and 
mechanistic implications of the study were reported by 
Faessel et al (18). Assuming that the first observation 
recorded in each dose or combination dose from the first 5- 
plate stack was from the same plate, say the 1 st plate, the 
second observation from the 2 nd plate, and so on, and also 
assuming that the first observation recorded in each dose or 
combination dose from the second 5-plate stack was from 
the same plate, say the 6 lh plate, the second observation 
from the 7 th plate, and so on, we have a total of 10 plates 
for each of the two data sets. 

To examine whether there is a significant 
difference among the plates, we applied one-way 
analysis of variance (ANOVA) to the controls in each 
data set. The p-values were 0.001 for the low FA 
experimental data and 0.005 for the high FA 
experimental data. The results indicate a significant 
plate effect among the 10 plates for each experiment, 
that is, the inter-plate variability is high. To attenuate 
the effect from the inter-plate variability, we applied a 
standardization procedure to each data set, dividing the 
effect readings by the mean of the controls in each 
associated plate. Thus, the mean for the controls within 
each plate was standardized to 1, and the effect for the 
controls was treated as 1. In addition to 110 controls for 
each experiment, the data included 761 observations for 
the low FA experiment and 769 observations for the 
high FA experiment. We applied the statistical method 
described in Section 3 to each of the two standardized 
data sets. We present the results for each experiment in 
the following two subsections. 

Lee et al (19) perfonned extensive exploratory 
analyses on the same data sets and identified 129 outliers 
out of 871 (14.8%) effect readings in the low FA 
experiment and 126 outliers out of 879 (14.3%) effect 
readings in the high FA experiment. To compare our 
findings with the results previously obtained (19), we 
removed the outliers from the data and then again applied 
the statistical method described in Section 3. For each 
experiment, we report the detailed analyses of the original 
data set and of the modified data set that excluded the 
outliers. 

4.1. Case study 1: cancer cells grown in a medium with 
2.3 pM folic acid (low FA experiment) 

In this experiment, the cells were grown in a 
medium with 2.3 pM folic acid. We fitted marginal dose- 
effect curves for TMQ and AG2034 by using both the 
median effect equation (E3) and the E max model ( E5 ). The 
dose levels for TMQ when applied alone were 5.47 X 10‘ 6 , 
4.38 X 10' 5 , 1.38X10' 4 , 4.38 X 10' 4 , 8.75 X 10' 4 , 1.75 X 10‘ 3 , 
3.5 X 10' 3 , 7 X 10' 3 , 2.21 X 10’ 2 , 7 X 10' 2 , and 0.56 pM, and 
the dose levels for AG2034 when applied alone were 
2.71 X 10‘ 5 , 2.71 X 10' 4 , 6.87 X 10' 4 , 2.17 X 10' 3 , 4.3 X 10' 3 , 
8.7 X 10‘ 3 , 1.74X 10' 2 , 3.48X 10‘ 2 , 0.11, 0.3475, and 2.78 
pM. Note that some effect readings at low doses or 
combination doses are greater than 1, thus, the logit 
transformation could not be carried out. We applied 
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Table 1. Estimated parameters for the E mm models in the case studies 



Low FA 1 

High FA 2 | 

Drug name 

E m J 

ED S „ 4 

Slope m 5 

E m J 

EDso 4 

Slope m 5 

TMQ 6 

0.8810 

0.0013 

2.2496 

0.8847 

0.0134 

3.7230 


(0.0161) 

(0.0001) 

(0.2330) 

(0.0326) 

(0.0015) 

(0.7323) 

AG2034 7 

0.8688 

0.0060 

3.1644 

0.8184 

0.4700 

1.6869 


(0.0154) 

(0.0003) 

(0.3703) 

(0.0311) 

(0.0540) 

(0.2400) 


‘Estimated parameters for the marginal dose-effect curves in the low-concentration folic acid experiment; 1 estimated parameters 
for the marginal dose-effect curves in the high-concentration folic acid experiment; 3 maximum effect attributable to the drug; 4 
dose level producing half of E„ wv ; 5 factor (Hill coefficient) measuring sensitivity of the effect to the drug dose range; 6 


trimetrexate; 7 experimental drug. 


nonlinear least squares regression to estimate the 
parameters in models ( E3 ) and ( E5). Figures 3.A and 3.B 
show the respective fitted marginal dose-effect curves for 
TMQ and AG2034 with the dose levels shown on a log 
scale. The dotted-dashed lines are the curves based on the 
median effect model (£3), and the solid lines are the dose- 
effect curves based on the E„ mx model (£5). From the fitted 
dose-effect curves, we found that the E„ mx model (£5) 
provided a much better fit than the median effect equation 
for the marginal data. Therefore, we chose the E max model 
(£5) to describe the dose-effect relationship in this case 
study. The parameters estimated for TMQ and AG2034 are 
shown in the three columns under the title “Low FA” in 
Table 1. Flere, the estimate of E max TM Q is slightly larger 
than the estimate of E maxAG20 34 ■ We plotted the distribution 
of the combination doses using the original scale (not 
shown) and found that most of the combination doses were 
crowded in the region of the low doses, which could cause 
a singularity of the involved matrices due to the low rank of 
Q and Z\ used for estimating the effect beyond additivity 
when using bivariate thin plate splines (see Section 3.3). 
Flcnce, we applied a log transfonnation of the form 
log(dose+<5) for each dose level, where <5 is a small number, 
say 2.74 X 10" 6 , half of the smallest dose level for the two 
drugs when applied alone. We plotted the distribution of 
the combination doses on the log(dose+<5) scale, as shown 
in Figure 3.C. The points on the horizontal line in Figure 
3.C are the doses of TMQ on the log(dose+<5) scale; the 
points on the vertical line are the doses of AG2034 on the 
log(dose+<5) scale; and the points on each of the remaining 
12 design rays are the combination doses at each ray with 
each dose component on the log(dose+<5) scale. The 12 
design rays for combination doses appearing left to right in 
Figure 3.C correspond to the combination doses at 12 ratios 
of TMQ to AG2034, i.e., 1:250, 1:125, 1:50, 1:20, 1:10, 1:5, 
1:5, 2:5, 4:5, 2:1, 5:1, 10:1. The 12 rays are denoted by the 
letters E, F, G, H, I, J, K, L, M , N, O, P, which represent 
the respective curves 15, 13, 11, 7, 5, 3, 9, 4, 6, 10, 12, 14 
in the original data set for the low FA experiment. Note that 
rays 3 and 9, denoted by J and K, indeed have the same 
fixed dose ratio. To obtain the predicted additive effects, 
we applied the procedure described in Section 3.2, keeping 
the dose levels on the original scale. The contour plot of the 
predicted additive effect is shown in Figure 3.D. Note that 
the effect levels for TMQ applied alone are obtained from 
{\-E maxTM Q, 1), which is (0.1190, 1), and the effect levels 
for AG2034 applied alone are obtained from (1 -E maxAG2034 , 
1), which is (0.1312, 1). The vertical line with contour level 
0.13 is the predicted effect produced by TMQ alone. The 
plot of the differences of the observed effects and predicted 
effects versus the dose levels of AG2034 on log(dose+<5) 


scale is shown in Figure 3.E. That plot shows that the 
differences are not distributed around zero, rather, for some 
observations of AG2034, the differences are significantly 
less than zero, in the range of (-7, -4) on the log (dose+<5) 
scale with <5=2.74X 10‘ 6 , i.e., in the range of 0.001 pM to 
0.018 pM on the original dose scale. Therefore, the pure 
additive effect model could not describe the data well. We 
used bivariate thin plate splines to fit the differences versus 
the transfonned doses, with the knots at all the distinct 
transformed dose levels. The transformation is taken as log 
(dose+<5) for all single and combination doses. By 
convention, there is no drug interaction when a single drug 
is applied. Therefore the differences were set to zero for the 
marginal doses. Applying the bivariate thin plate splines 
(Section 3.3), we obtained <r t 2 = 0.0041, <r„ 2 = 0.2318, 
and i=<j 2 /<r 2 =0.0178. Next, we constructed 95% point- 
wise upper and lower confidence surfaces for the fitted 
bivariate spline function f(di,d 2 ) based on equation (£9). 
Figure 3.F shows the contour plot of the fitted spline 
function/jT/,^) at the levels of -0.1, 0, and 0.1 as thin solid 
lines; the intercept lines of the corresponding 95% point- 
wise upper confidence surface with the dose plane as thick 
dashed lines; and the intercept lines of the corresponding 
95% point-wise lower confidence surface with the dose 
plane as thick solid lines. The combination doses inside the 
thick dashed curves, shown in light blue, are synergistic 
because the effects beyond additivity at these combination 
doses are significantly smaller than zero. The combination 
doses inside the thick solid curves, shown in light pink, are 
antagonistic because the effects beyond additivity at these 
combinations were significantly larger than zero. The 
combination doses in the uncolored region, which lie 
between the thick solid curves and the thick dashed curves, 
are additive because the effects beyond additivity are not 
significantly different from zero. In particular, the 
combination doses with AG2034 in the transfonned scale 
in the range of (-7, -4) inside the thick dashed lines are 
synergistic, which is consistent with the residual plot in 
Figure 3.E. The fitted response surface was obtained by 
adding the fitted spline function/ (i.e., the effect beyond 
additivity) to the predicted additive surface. The contour 
plot of the fitted response surface at the contour levels of 
0.2, 0.5, and 0.9 is shown in Figure 3.1. The final residuals 
were obtained by subtracting the fitted effects from the 
observed effects. The plots of final residuals versus the 
dose levels of TMQ and AG2034 on the log (dose+<5) scale 
are shown in Figures 3.G and 3.H, respectively. From these 
two plots, we see that the residuals are centered around 
zero along the experimental dose range. We conclude that 
the model fits the data reasonably well. 
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Figure 3. Analysis of the low FA experimental data. Panels A and B show the fitted marginal dose-effect curves for TMQ and 
AG2034 respectively, where the dotted-dashed line in each panel is the fitted dose-effect curve based on the median effect 
equation (E 3), while the solid line in each panel is the fitted dose-effect curve based on the E max model (E 5). Panel C shows the 
distribution of the experimental doses and combination doses on the log (dose+8) scale with 5=2.74 X 10‘ 6 , along with the 12 rays 
from left to right with dose ratios of TMQ versus AG2034 at 1:250, 1:125, 1:50, 1:20, 1:10, 1:5, 1:5, 2:5, 4:5, 2:1, 5:1, 10:1, 
denoted by the letters E, F, G, H, I, J, K, L, M , N, O, and P, representing the curves 15, 13, 11, 7, 5, 3, 9, 4, 6, 10, 12, and 14 in 
the original data set. Panel D shows the contour plot of the predicted additive effect, while Panel E shows the plot of the 
differences between the observed effects and the predicted effects versus the dose level of AG2034 on the log (dose+8) scale. 
Panel F shows the contour plot of the fitted effect beyond the additivity effect at levels -0.1, 0, and 0.1 as thin solid lines, along 
with the intercept line of the 95% point-wise upper confidence surface with the dose plane as thick dashed lines and the intercept 
line of the 95% point-wise lower confidence surface with the dose plane as thick solid lines. In Panel F, the combination doses in 
the light blue area are synergistic, the combination doses in the light pink area are antagonistic, and the combination doses in the 
uncolored area are additive. The colored lines in Panels C and I are the design rays. Panels G and H are the plots of the final 
residuals versus TMQ and AG2034 on the log (dose+8) scale, respectively, and Panel I is the contour plot of the fitted response 
surface at the levels of 0.9, 0.5, and 0.2, along with some representative design rays. 


To examine the patterns of drug interactions in 
different rays and different experimental combination doses, 
we combined Figures 3.F and 3.1, that is, we plotted the 
contour curves of the fitted response surface at the levels of 0.2, 
0.5, and 0.9 in Panel F. We also plotted the representative 
design rays, with the experimental combination doses shown 
as dots on these rays (Figure 4.A), As seen in that figure, the 
combination doses on the rays E through K (curves 15, 13, 11, 
7, 5, 3, 9 in the original data set) are synergistic when the effect 
levels are between 0.9 and a number smaller than 0.2. The 


combination doses on these rays are additive when the effect 
level is less than this small number, and the combination doses 
at low levels on these lines are either additive or antagonistic. 
The combination doses on the rays N, O, and P (curves 10, 12, 
and 14 in the original data set) are additive when the effects are 
less than 0.9, and the combination doses at low dose levels are 
antagonistic. 

In addition to the 95% point-wise confidence 
interval, we constructed the 95% simultaneous confidence 
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Figure 4. Different patterns of drug interactions for the low FA experimental data. Panel A is based on 95% point-wise 
confidence intervals; Panel B is based on 95% simultaneous confidence band. Panel A is the combination of Figures 3.F and 3.1, 
along with the design points shown as dots on each ray. Thin solid lines are contour lines of the fitted effect surface beyond the 
additivity surface at the levels of -0.1, 0, and 0.1; thick dashed lines are the intercept lines of the upper 95% point-wise 
confidence surface with the dose plane; thick solid lines are the intercept lines of the lower 95% point-wise confidence surface 
with the dose plane. The colored lines labeled E, G, J, K, N, and P are the representatives of the design rays. The red dotted- 
dashed lines are the contour lines of the fitted response surface at the levels of 0.9, 0.5, and 0.2, respectively. Based on Panel A, 
the combination doses in the light blue area are synergistic, the combination doses in the light pink area are antagonistic, and the 
combination doses on the uncolored area are additive. Panel B presents the same information as Panel A except that the thick 
dashed lines are the intercept lines of the upper 95% simultaneous confidence surface with the dose plane and there are no 
intercept lines for the lower 95% simultaneous confidence surface with the dose plane. Based on Panel B, the combination doses 
inside the dashed lines are synergistic, otherwise additive. Panel B gives more conservative results for assessing drug interactions. 
Panels C and D are the results from fitting the data set excluding outliers for the low FA experiment, where the information in 
Panel C is parallel to that in Panel A, and the information in Panel D is parallel to that in Panel B. 


band based on equation (£9) with . replaced by 
lEDF x F“ Here EDF= 119, n=761, 

Jedf x f e ° dp „_ edf = 12 2()! and « = 0.0 5 . The 
resulting patterns of drug interactions are shown in 
Figure 4B, in which the thick dashed line is the intercept 
line of the 95% upper simultaneous confidence surface 
with the dose plane. Based on Figure 4B, we conclude 
that the combination doses inside the thick dashed 
curves, shown in light blue, are synergistic. The 
combination doses outside the thick dashed curves are 


additive. As seen in the figure, compared to the point-wise 
confidence interval approach, the simultaneous confidence 
band method shrinks the synergistic area and results in the 
disappearance of the antagonistic area. A point-wise 
confidence interval is appropriate for making inferences for 
each observed combination dose. The simultaneous confidence 
band is suitable for making a global assessment; however, it 
can be overly conservative. 

Following those analyses, we evaluated the low 
FA experimental data set from which we had removed the 
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outliers (19). The results of our assessment of drug 
interactions for this data set are presented in Figures 4.C 
and 4.D. Figures 4.A and 4.C contain parallel information, 
as do Figures 4.B and 4.D. Comparing the plots across the 
panels, we conclude that the results from fitting the original 
data set and those from fitting the data set excluding 
outliers are very similar. Therefore, the semiparametric 
method presented in Section 3 is robust to outliers in this 
example. 

We recommend using caution when considering 
extrapolations based on spline estimations. The fitted 
response surface for the differences between the observed 
effects and predicted effects gives an overall picture of the 
drug interactions (see Figures 4.A and 4.B). However, the 
fitted results on the two larger areas outside experiment 
rays E and P should not be over-interpreted because (i) 
there are no experimental data in those areas and (ii) we 
forced the differences of the observed effects and predicted 
additive effects to be zero at the marginal observed dose 
levels. 

4.2. Case study 2: cancer cells grown in a medium with 
78 pM folic acid (high FA experiment) 

In the high FA experiment, the dose levels for 
TMQ when applied alone were 5.47 X 10‘ 6 , 4.38 X 10" 5 , 
1.38X 10' 4 , 4.38X 10‘ 4 , 8.75X 10' 4 , 1.75 X 10' 3 , 3.5X 10' 3 , 
7X 10~ 3 , 2.21 X 10' 2 , 7 X 10" 2 , and 0.56 pM, and the dose 
levels for AG2034 when applied alone were 2.71 X 10' 4 , 
2.17X 10" 3 , 6.87X 10‘ 3 , 2.17X 10' 2 , 4.34X 1(T 2 , 8.68 X 10‘ 2 , 

I. 74 X 10' 1 , 3.47 X 10' 1 , 1.1, 3.47, and 27.8 pM. The 
procedure we used to analyze this data set was the same as 
that used in case study 1. By applying nonlinear least 
squares regression, we estimated the marginal dose-effect 
curves using the median effect equation (£3) (dotted- 
dashed lines) and the E max model (£5) (solid lines), (shown 
in Figures 5.A and 5.B). It is clear that the E max model ( E5 ) 
fits the data better than the median effect equation, thus, we 
chose the E max model (ES) as the dose-effect curve for this 
data set. The estimated parameters for the marginal dose- 
effect curves for the E max model are shown in the three 
columns under the title "High FA” in Table 1. The 
combination doses on the original scale (not shown) are 
crowded in the region of the low doses, thus we applied the 
transfonnation in the form of log(dose+<5) to each dose 
level, where 3 is a small number, say 2.74 X 10" 6 , one half 
of the lowest dose level for TMQ and AG2034 when 
applied alone. The distribution of the experimental dose 
levels on the log(dose+<5) scale is shown in Figure 5.C. 
The 12 design rays for the combination doses correspond to 
the 12 dose ratios of TMQ versus AG2034 at 1:2500, 
1:1250, 1:500, 1:200, 1:100, 1:50, 1:50, 1:25, 1:12.5, 1:5, 
1:2, and 1:1, which are denoted by the letters E, F, G, H, I, 

J, K, L, M , N, O, and P, representing the curves 15, 13, 11, 
7, 5, 3, 9, 4, 6, 10, 12, 14 in the original data set for the 
high FA experiment. Applying the procedure described in 
Section 3.2, we obtained the contour plot of the predicted 
additive effect that is shown in Figure 5.D. We see that the 
contour line at level 0.15 is the predicted effect produced 
by TMQ alone because AG2034 could not produce such an 
effect when applied alone; the effect levels for AG2034 
applied alone range from 0.1816 to 1. Figure 5.E shows the 


differences of the observed effects and predicted effects 
versus the dose levels of AG2034 on the log(dose+<5) scale. 
That plot shows that the differences are not centered around 
zero, rather for some observations of AG2034, the 
differences are significantly less than zero, in the range of 
(-5, 0) on the log(dose+(5) scale, i.e., in the range of 
6.7 X 10" 3 pM to 1.0 pM on the original dose scale. These 
findings indicate that some combination doses were 
synergistic and that the pure additive effect model could 
not describe the data well. We used bivariate thin plate 
splines to fit these differences versus the transformed doses 
or combination dose, with the knots at all the distinct 
transformed dose levels. The transformation is taken as log 
(dose+<5) for all single doses and combination doses. We 
constructed its 95% point-wise confidence surfaces based 
on equation (£9). The estimated =0.0066, cj 2 =0.0779, 

and i=<r 2 /cr =0.0842. Figure 5.F shows the contour plot 
of the fitted spline function/ at the levels of -0.1, 0, and 
0.1 as thin solid lines; the intercept lines of its 
corresponding 95% point-wise upper confidence surface 
with the dose plane as thick dashed lines; and the intercept 
lines of its corresponding 95% point-wise lower confidence 
surface with the dose plane as thick solid lines. The 
combination doses inside the thick dashed curves, shown in 
light blue, are synergistic; the combination doses inside the 
thick solid curves, shown in light pink, are antagonistic; 
and the combination doses in the uncolored area are 
additive. We obtained the fitted response surface by adding 
the fitted spline function / to the predicted additive surface 
(shown in Figure 5.1). The plots of the final residuals versus 
the dose levels of TMQ and AG2034 on the log(dose+<5) 
scale are shown in Figures 5.G and 5.H, respectively. From 
these two plots, we see that the residuals are centered 
around zero along the experimental dose range, indicating 
that the model describes the data reasonably well. 

To examine the patterns of drug interactions in 
different rays and different experimental combination doses, 
we combined the plots in Figures 5.F and 5.1 to form Figure 
6 .A (as we did when analyzing the data from the low FA 
experiment). From Figure 6.A, we see that the combination 
doses on all 12 rays are synergistic when the effect levels 
are between 0.9 and 0.15. The combination doses at high 
dose levels are additive, and most of the combination doses 
at low dose levels are additive. In addition, we constructed 
a 95% simultaneous confidence band based on equation 
(£9) with Zo/2 replaced by Jedf x F“ DF n _ EDF ■ Here 

£££=91, n=769, and Ifdf xF“ =10.77. The 

results are presented in Figure 6.B, in which the thick 
dashed line is the intercept line of the upper 95% 
simultaneous confidence surface with the dose plane. Based 
on Figure 6.B, we conclude that the combination doses 
inside the thick dashed curves, shown in light blue, are 
synergistic. The combination doses outside the thick dashed 
curves are additive. As in our analysis of the data from case 
study 1, in this analysis, we found the simultaneous 
confidence band to yield more conservative results and to 
be more suitable for a global assessment. For this case 
study, we also assessed the data set from which we had 
removed the outliers. The results for assessing drug 
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Figure 5. Analysis of the high FA experimental data. Panels A and B show the fitted marginal dose-effect curves for TMQ and 
AG2034 respectively; the dotted-dashed line is the fitted dose-effect curve based on the median effect equation (E 3); the solid 
line is the fitted dose-effect curve based on the E max model (E 5). Panel C shows the distribution of the experimental doses and 
combination doses on the log(dose+8) scale with 8=2.74 X 1 O’ 6 , along with the 12 rays (left to right) with dose ratios of TMQ 
versus AG2034 at 1:2500, 1:1250, 1:500, 1:200, 1:100, 1:50, 1:50, 1:25, 1:12.5, 1:5, 1:2, 1:1, denoted by the letters E, F, G, H, I, 
J, K, L, M , N, O, P, representing the curves 15, 13, 11, 7, 5, 3, 9, 4, 6, 10, 12, 14 in the original data set. Panel D shows the 
contour plot of the predicted additive effect. Panel E shows the plot of the differences between the observed effects and the 
predicted effects versus the dose level of AG2034 on the log(dose+8) scale. Panel F shows the contour plot of the fitted effect 
beyond the additivity effect at levels -0.1, 0, and 0.1, along with the intercept line of the upper 95% point-wise confidence surface 
with the dose plane as thick dashed lines and the intercept lines of the lower 95% point-wise confidence surface with the dose 
plane as thick solid lines. In Panel F, synergistic combination doses are in light blue; antagonistic combination doses are in light 
pink; additive combination doses are in the uncolored area. The colored lines in Panels C and I represent the design rays. Panels 
G and H are the plots of the final residuals versus TMQ and AG2034 on the log(dose+8) scale, respectively. Panel I is the contour 
plot of the fitted response surface at the levels of 0.9, 0.5, and 0.15, along with some representative design rays. 


interactions are presented in Figures 6.C and 6.D. 
Comparing Figures 6.A to C and 6.B to D, we conclude 
that the results from fitting the original data set and those 
from fitting the data set excluding outliers are very similar. 
Thus, the results indicate that the semiparametric method is 
robust to outliers. 

5. SUMMARY AND PERSPECTIVE 

We extended the approach proposed by Kong and 
Lee (6) to a situation for which the E max model is more 


appropriate to describe the marginal dose-effect relationship. 
We considered the possibility that some effect readings at low 
doses may fall beyond the mean of the controls. Under such 
circumstances, the standardized effect is greater than 1 and a 
logit transformation to a linear model (4, 8, 9) cannot be 
carried out. Flence, other models such as the E mm model are 
needed and nonlinear least squares regression methods can be 
applied for estimating parameters for the dose-effect curves. 
We applied nonlinear least squares regression in the case 
studies to estimate the parameters for the dose-effect curves 
specified by the median effect equation and the E max model. 
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Figure 6. Different patterns of drug interactions for the high FA experiment. Panel A is based on 95% point-wise confidence 
intervals; Panel B is based on 95% simultaneous confidence band. Panel A is the combination of Figures 5.F and I, along with the 
design points shown as dots on each ray. Thin solid lines are contour lines of the fitted effect surface beyond the additivity 
surface at the levels of -0.1, 0, and 0.1; thick dashed lines are the intercept lines of the upper 95% point-wise confidence surface 
with the dose plane; thick solid lines are the intercept lines of the lower 95% point-wise confidence surface with the dose plane. 
The colored lines labeled E, G, J, K, N, and P represent the design rays; red dotted-dashed lines are the contour lines of the fitted 
response surface at the levels of 0.9, 0.5, and 0.15. In Panel A, the synergistic combination doses are in light blue; the 
antagonistic combination doses are in light pink; additive combination doses in the uncolored area. Panel B gives the same 
information as Panel A except that the thick dashed lines are the intercept lines of the upper 95% simultaneous confidence 
surface with the dose plane. Based on Panel B, the combination doses inside the dashed lines are synergistic, otherwise additive. 
Panel B gives more conservative results for assessing drug interactions. Panels C and D are the results excluding outliers, and are 
parallel to the results in Panels A and B, respectively. 


Additionally, we extended the approach of Kong 
and Lee (6) as a solution to the problem arising when the 
experimental points are very close and the low rank of the 
design matrix may cause computational problems in matrix 
inversion. For this situation, we considered a low-rank thin 
plate spline (14) to estimate the surface beyond additivity, 
and, alternatively, we applied an appropriate transformation 
to the doses so that the combination doses on the 
transformed scale were more evenly distributed. In the case 
studies, we first applied the transformation log(dose+(5) to 
each component of the combination doses and then applied 
bivariate thin plate splines with knots representing all the 
different observed doses on the log(dose+(5) scale. In both 


case studies, we chose 6 as half of the smallest non-zero 
dose among TMQ and AG2034 when applied alone, that is, 
8=2.74 X 10‘ 6 for both experiments. The value of 8 selected 
should not be too small or too large compared with the 
magnitude of the dose levels. An extremely small 8 results 
in a relatively large distance between the marginal doses 
and combination doses. Conversely, a large 8 dominates in 
the transformation log(dose+<5) when the dose levels are 
low. From the final residual plots, it is evident that the 
current transformation works well. 

It is well known that the smoothing parameter X 
governs the trade-off between the goodness-of-fit and the 
smoothness of the function/ When X becomes larger, the 
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fitted function/tends to be smoother and the residuals tend 
to be larger. The selection of the smoothing parameter 
plays a key role in the fitted results. In the case studies, the 
smoothing parameter, X , was selected as ^ , which 

is almost identical to the selected smoothing parameter 
based on the generalized cross validation criterion and 
"leave-out-one" cross validation criterion. For example, for 
the low FA experimental data, the selected parameters 
based on the mixed model approach used in this paper, 
cross validation criterion, and generalized cross 
validation criterion were 0.0178, 0.0112, and 0.0071, 
respectively. For the high FA experimental data, the 
corresponding selected parameters were 0.0842, 0.0842, 
and 0.0531, respectively. Indeed, Kohn, Ansley, and 
Tharm (20) showed that the estimation of the smoothing 
parameter based on a mixed model approach is 
comparable with the standard method of the generalized 
cross validation criterion. By applying a mixed effects 
model, the smoothing parameter can be automatically 

determined by ° ° • . This method has been 

implemented in S-PLUS by Ruppert et al (15) using the 
line function (21). In our previous study (1), based on 
extensive simulations, we showed that the selection of 
the smoothing parameter provides a good estimate to the 
underlying function in general. 

In the two case studies, we also perfonned the 
same analyses for the two reduced data sets analyzed by 
Lee et al (19), and achieved almost identical results, which 
indicates that this semiparametric method is robust to 
outliers. The semiparametric method we have developed 
can also be used to assess drug interactions for the 
combination doses not on the design rays, and to identify 
complex patterns of drug interaction in combination studies. 
In addition, the method gives an overall assessment of the 
combination effect in the entire two-dimensional dose 
space spanned by the experimental doses with a caveat that 
extrapolation beyond data points can be risky. 

We also note that the estimated function f{di,d 2 ) 
and its 95% confidence surfaces can guide the exploration 
of whether some parametric models are sufficient to 
describe the data. Many parametric models have been 
proposed in the literature. Greco, Bravo, and Parsons (3) 
provided an excellent review of the response surface 
approach. However, without prior knowledge of the 
response surface model, or adequate representation of the 
data by a parametric model, most parametric approaches 
will fail. Blindly using any parametric model can be 
dangerous and may lead to wrong conclusions of drug 
interactions. In our proposed approach, there is no need to 
assume any parametric models for f(di,d 2 )- We provide a 
promising approach by modeling the mixture effect data 
with spline techniques via a mixed-effect model. We 
advocate the use of the semiparametric method for model 
building because the true patterns of drug interactions are 
typically not known. The conclusions regarding drug 
interactions are based on the estimated/and its confidence 
surfaces, which are determined by the underlying data. The 
S-PLUS code used to evaluate the case studies can be 
obtained from the first author. 
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1. ABSTRACT 2. INTRODUCTION 

Applying the E max model in a Lowe additivity Due to complex disease pathways, combination 

model context, we analyze data from a combination study treatments can be more effective and less toxic than 

of trimetrexate (TMQ) and AG2034 (AG) in media of low treatments with a single drug regimen. Successful 

and high concentrations of folic acid (FA). The E max model applications of combination therapy have improved 

provides a sufficient fit to the data. TMQ is more potent treatment effectiveness for many diseases. For example, 

than AG in both low and high FA media. At low TMQ:AG the combination of a non-nucleoside reverse transcriptase 

ratios, when a smaller amount of the more potent drug inhibitor or protease inhibitor with two nucleosides is 

(TMQ) is added to a larger amount of the less potent drug considered a standard front-line therapy in the treatment of 

(AG), synergy results. When the TMQ:AG ratio reaches AIDS. Typically, a combination of three to four drugs is 

0.4 or larger in low FA medium, or when the TMQ:AG required to provide a durable response and reconstitution of 

ratio reaches 1 or larger in high FA medium, synergy is the immune system (1). Another example is platinum-based 

weakened and drug interaction becomes additive. In doublet chemotherapy regimens as the standard of care for 

general, synergistic effect in a dilution series is stronger at patients with advanced stage non-small-cell lung cancer (2). 

higher doses that produce stronger effects (closer to Combination treatments have also been shown to prevent 

1 -E max ) than at lower dose levels that produce weaker and to overcome drug resistance in infectious diseases such 

effects (closer to 1). The two drugs are more potent in the as malaria and in complex diseases such as cancer (3, 4). 

low compared to the high FA medium. Drug synergy, Emerging developments in cancer therapy involve 

however, is stronger in the high FA medium. combining multiple targeted agents with or without 
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chemotherapy, or combining multiple treatment modalities 
such as drugs, surgical procedures, and/or radiation therapy 
(5,6). 

How do we assess the effect of a combination 
therapy? It is a simple question, yet it requires a complex 
answer. A superficial way to answer the question is to 
determine that a combination therapy is working if its 
effect is greater than that produced by each single 
component given alone. The notion of classifying drug 
interaction as additive, synergistic, or antagonistic is logical 
and easily understood in a general sense, but can be 
confusing in specific application without consensus on a 
standard definition. Excellent reviews of drug synergism 
have been written by Berenbaum (7), Greco et al (8), 
Suhnel (9), Chou (10), and Tallarida (11), to name a few. In 
essence, to quantify the effect of combination therapy, we 
must first define drug synergy in terms of “additivity.” An 
effect produced by a combination of agents that is more (or 
less) than the additive effect of the single agents is 
considered synergistic (or antagonistic). Then, we must 
further assess drug interaction in a statistical sense. Under a 
more rigorous definition, synergy occurs when the 
combined drug effect is statistically significantly higher 
than the additive effect. Conversely, antagonism occurs 
when the combination effect is statistically significantly 
lower than the additive effect. 

Despite the controversy arising from multiple 
definitions of additivity or no drug interaction, the Loewe 
additivity model is commonly accepted as the gold standard 
for quantifying drug interaction (7-11). The Loewe 
additivity model is defined as 

- = i . (£1) 


greater than, equal to, or less than y add , respectively. When 
the dose-effect curve is decreasing (or increasing), a 
synergistic effect corresponds to a smaller (or larger) value 
than the predicted quantity. 

Alternatively, to measure and quantify the 
magnitude of drug interaction, the interaction index ( II) can 
be defined as 

ii = —^-+ — i-i - (£ 3 ) 

D y ■' D j .», .2 

Note that II < 1, II = 1, and II >1 correspond to the drug 
interaction being synergistic, additive, and antagonistic, 
respectively. Chou and Talalay (12) proposed the 
following median effect equation (£4) to characterize the 
dose-effect relationship in combination studies: 

Eid) = ( d/ED >°y , (£4) 

1 + (d / E D Sll ) m 

where ED J0 is the dose required to produce 50% of the 
maximum effect. Although the median effect equation can 
be applied in many settings, it assumes that when m is 
positive, £(<f)=0 for d =0 and E(d)= 1 for d= oo. On the other 
hand, when m is negative, E(d)=l for d =0 and £(<7)=0 for 
c/=oo. If we assume that the data follow the median effect 
equation, a linear relationship can be found by plotting 
the logit transformation of the effect versus the 
logarithm transformed dose. A more detailed account of 
the interpretation and use of the interaction index can be 
found in a number of references (13-16). Several 
methods for constructing the confidence interval 
estimation of the interaction index were proposed by 
Lee and Kong (17). 


Here y is the predicted additive effect at the combination 
dose (d/, d 2 ) when the two drugs do not interact. D yl and 
D y 2 are the respective doses of drug 1 and drug 2 required 
to produce the same effect y when used alone. Note that the 
Loewe additivity can be easily demonstrated in a “sham 
combination” (i.e., a drug combined with itself or its 
diluted form). For example, suppose drug 2 is a 50% 
diluted form of drug 1. The combination of one unit of 
drug 1 and one unit of drug 2 will produce the same effect 
as 1.5 units of drag 1 or 3 units of drag 2. Plugging the 
respective values in equation (£1), we have 1/1.5 + 1/3 = 1. 
Given the dose-effect relationship for each single agent, say 
£,(</)= f{d) for agent i ((=1,2), D yi can be obtained by 
using the inverse function of f, say, f~'(y). Replacing D y I 
and D y2 in equation (£1) with f{\y) and f 2 ' 1 (v), 

respectively, we can rewrite equation (£1) as 


Note that (£2) involves an unknown variable y. By solving 
equation (£2), the predicted additive effect y add can be 
obtained under the Loewe additivity model. Denote that 
the observed mean effect is y obs at the combination dose (d d , 
<£). The drug combination at that dose is considered 
synergistic, additive, or antagonistic when the effect y obs is 


To help advance research developing and 
comparing methods for analyzing data for combination 
studies, Dr. William R. Greco at the Roswell Park 
Cancer Institute has organized an effort and invited 
several groups to participate in an exercise to compare 
rival modern approaches to model data from two-agent 
concentration-effect studies. We describe the data and 
statistical methods, including the E max model, and the 
calculation of the interaction index under the E max model 
in Section 3. We describe an exploratory data analysis 
in Section 4, and data preprocessing for outlier rejection 
and standardization in Section 5. We present the main 
results of the data analysis in Section 6 and summarize 
our findings in Section 7. We close with a discussion in 
Section 8. 

3. STATISTICAL METHODS 
3.1. Data sets 

Two data sets provided by Dr. Greco are used to 
examine the effect of the combination treatment of 
trimetrexate (TMQ) and AG2034 (AG) in HCT-8 human 
ileocecal adenocarcinoma cells. The cells were grown in a 
medium with two concentrations of folic acid: 2.3 pM (the 
first data set, called low FA) and 78 pM (the second data 
set, called high FA). Trimetrexate is a lipophilic inhibitor 
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of the enzyme dihydrofolate reductase; and AG2034 is an 
inhibitor of the enzyme glycinamide ribonucleotide 
fonnyltransferase. The experiment was conducted on 96- 
well plates. The endpoint was cell growth measured by an 
absorbance value (ranging from 0 to 2) and recorded in an 
automated 96-well plate reader. Each 96-well plate 
included 8 wells as instrumental blanks (no cells); the 
remaining 88 wells received drug applications. The 
experiments were perfonned using the “ray design,” which 
maintains a fixed dose ratio between TMQ and AG in a 
series of 11 dose dilutions. With 88 wells in each plate, 
each 5-plate stack allowed for an assessment of the 
combination doses at 7 curves (i.e., design rays) plus a 
“curve” with all controls. Two stacks were used for 
studying 14 design rays: TMQ only, AG only, and twelve 
other design rays with a fixed dose ratio (TMQ:AG) for 
each ray. The fixed dose ratios in the low FA experiment 
were 1:250, 1:125, 1:50, 1:20, 1:10, 1:5 (2 sets), 2:5, 4:5, 
2:1, 5:1, and 10:1. The fixed dose ratios in the high FA 
experiment were 1:2500, 1:1250, 1:500, 1:200, 1:100, 1:50 
(2 sets), 1:25, 2:25, 1:5, 1:2, and 1:1. Data from each of the 
16 curves (2 for controls, 2 for single agents, and 12 for 
combinations) are grouped together. Curves 1-8 were 
perfonned on the first stack with curve 8 serving as the 
“control” experiment while curves 9-16 were performed on 
the second stack with curve 16 serving as the “control” 
experiment. The assignment of different dmg combinations 
to the cells in the wells was randomized across the plates. 
Five replicate plates were used for each set of two stacks, 
resulting in a total of 10 plates for each of the two medium 
conditions (low FA and high FA). The maximum number 
of treated wells per medium condition is 880 (16 curves x 
11 dilutions x 5 replicates). Complete experimental details 
and mechanistic implications were reported by Faessel et al 
(18). 


3.2. E max model 

Due to a plateau of the measure of cell growth 
such that it does not reach zero at the maximum dose levels 
used in the experiments, the median effect equation (£4) 
does not fit the data. Instead, we take the E mwc model (19) 
to fit the data at hand. 


E (d ) = E „ - E 


1 + (d / E D 50 )” 


(£5) 


where E 0 is the base effect, corresponding to the 
measurement of cell growth when no drug is applied; E max 
is the maximum effect attributable to the drug; ED S0 is the 
dose level producing half of E max ; d is the dose level that 
produces the effect E{d), and m is a slope factor (Hill 
coefficient) that measures the sensitivity of the effect 
within a dose range of the drug. Thus, E 0 -E max is the 
asymptotic effect when a very large dose of the drug is 
applied. Figure 1 shows a few examples of the E max model 
where E 0 is assumed to be 1. The parameter m governs how 
quickly the curve drops. For the three cases in the first row 
in Figure 1, ED 50 is fixed at 2 and E max is at 0.8, while the 
slope varies. When m= 1 (Figure l.A), the dose-response 


curve drops slowly; when m=5 (Figure l.B and E), a 
sigmoidal curve is formed, and when m —20 (Figure l.C and 
F), the drop of the sigmoidal curve becomes very steep. In 
the three curves in the first row, as the dose increases, the 
curves drop, and the effect asymptotes to 1 -E lnax = 0.2. In 
the second row, the three plots are set at E max = 1, which 
means that as the dose increases, the treatment will reach 
the theoretical full effect. For example, if the measure of 
the treatment effect is cell count, all the cells will be killed 
at very high doses of the treatment when E mwl = 1. The 
figures also show that, as ED S0 increases, the curves shift to 
the right, indicating that the treatment is less potent. In all 
cases when m increases, the effect drops more rapidly. We 
apply the nonlinear weighted least squares method to 
estimate the parameters in the E max model. Due to the 
heteroscedascity observed in the data, which means that the 
variance increases as the observed response increases, we 
use the reciprocal of the fitted response as the weight 
function (20). We use S-PLUS, R (21), and SAS (22) to 
carry out the estimation. 


3.3. Interaction index under the E max model 

As when using the median effect model, the E max 
model can be applied to fit the single-drug and combination 
drug dose-response curves, and then the interaction index 
can be calculated accordingly. Although equation (£5) 
allows for different values of E 0 and E max for different 
curves, when calculating the interaction index, we need to 
assume all curves have the same E 0 so that the “base 
measure” of no drug effect is the same in all curves. This 
can be achieved by dividing all of the effect measures with 
the mean of the controls. Note that E max can vary in 
different curves to signify different drug potencies. 
However, the calculation of the interaction index will be a 
little more complicated when different drugs or 
combinations produce different values of E max . 


Hereafter, we assume the dose-response curve 
follows the E max model given in (£6): 

E - .. (£ 6 ) 


E (d ) = 1 - E 


1 + (d / E D 50 y 


The experiments we analyzed studied the ability of the 
combination treatments to inhibit the growth of cancer cells. 
The measure of the treatment effect was cell growth 
corresponding to the number of cells observed. Hence, the 
height of the dose-effect curve decreases when the dose 
increases. In this case, we have m > 0. In addition, as d 
goes to infinity, the effect plateaus at \-E llmx . Hence, E max 
must be between 0 and 1. 

In a study of two-drug combinations, we need to 
fit three curves using the E lnax model: curve 1 for drug 1 
alone, curve 2 for drug 2 alone, and curve c for the drug 
combinations. Denote E max , , ED 50i h and m, as the three 
parameters for drug i (i= 1,2, c). Given an effect e (e>l- 
E max ), the corresponding dose d{e ) can be calculated as 
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Emax = 0.8 , ED50 = 2 , m = 1 


Emax = 0.8 , ED50 = 2 , m = 5 Emax = 0.8 , ED50 = 2 , m = 2 



Emax = 1 , ED50 = 1 , m = 3 



Emax = 1 , ED50 = 2 , m = 5 



Dose 


Emax = 1 , ED50 = 3 , m = 2C 



Figure 1. Dose-response curves under the E max 
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d(e) = ED 5( 
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e-l + E, 


(E 7) 


Note that the dose for the combination treatment is simply 
the sum of the doses of the single agents. This approach 
works well for a ray design with constant or varying 
relative potency between the two drugs (12, 17). Without 
loss of generality, we can assume that E max / > E max 2 . In 
addition, we assume that the dose ratio for the two drugs in 
the combination treatment (c/ t .=£/y+<T>) is fixed with djl d 2 
=p. Upon fitting the three dose-response curves, the 
interaction index at a fixed effect e where e e (1 - £ c . be 
calculated as follows: 


a = d'(e)xp41 + p) + d c (eM + P) 2<g<l and 


// = 


DJe) DJe) 

d c (e)xp/(l + p) 


(£ 8 ) 


DJe) 


for 1-E , < e < 1-E 


For e < 1 - £,, the interaction index cannot be 

calculated. However, the combination effect in this range is 
more than additive because it reaches an effect level that no 
single agent can achieve alone. If E max% 2 = E max 2 , the 
interaction index can be calculated using the first formula 
in (£8). 


3.4. Confidence interval for the interaction index 

We can apply the delta method to calculate the 
(large sample) variance of the interaction index (23). From 
our previous work (17), we found that better estimation of 


the confidence interval for the interaction index can be 
achieved by working on the logarithmic transformation of 
the interaction index. 

By applying the delta method, Var(log( II j) = — ^—Var( II ). 

II 

When 1 - E nlat 2 < e < l.the variance of II can be calculated by 


Var( II ) = 


dje)x p /( 1 + p ) 


V, 


d c ( e )x p /( 1 + p) d c ( e )/( 1 + p ) 


d ,1 e 1/(1+ p ) 
&,Je) 


D y .,(e) D,.i(e) 

if 1 - E max , < e < 1 - E maI 2 , then 


Var( II ) = 

where 


-l 


d,( e ) x p /( 1 + p ) 
O if e ) 


(D + v r ). 


/^(e-l+E.) 


1 1 , 1-e 

7 -- 7J‘°g -— 

7n ni e-\ + E m[ 


\Var\ E^.EDso.i.nij 


(E 9) 


(E 10) 


-1 

ih'ie—l + E imxj ) 

1 

EDsoj 

1 1-e 

--— 

ni e-1 +£L, 


for i=l, 2, c. 


Upon calculation of the variance for log( II ), the point- 
wise (l-a)100% confidence interval for the interaction 
index (II) for a specified effect can be constructed as 

| H exp (~z a/1 \J Vmilogf II)), II exp(z a ,Jvar(log(II))\ (£ 11 ) 
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where z a/1 is the upper a/2 upper percentile of the 
standard nonnal distribution. We also construct the 
simultaneous confidence band for the interaction index 
over the range of estimated responses. Because the 
estimation process involves estimating nine parameters 
from three curves, to construct a Scheffe-type simultaneous 
confidence band, we simply replace z a/2 in equation (Ell) 
by (chi 2 p (a)) 1/2 where p =9 (24). 

3.5. Data analysis plan 

The overall objective of the data analysis is to 
assess the synergistic effect of the combination of TMQ 
and AG in both low and high FA media. We apply the 
exploratory data analysis first, and then estimate the dose- 
response relationship using the E max model. We evaluate 
the drug interaction by calculating the interaction index 
under the Loewe additivity model. We perform an 
exploratory data analysis in order to understand the data 
structure and patterns and to determine whether 
preprocessing of the data in terns of outlier rejection and 
standardization would be required prior to data modeling. 
We analyze the low FA and high FA experiments 
separately then compare the results. For each experiment, 
we apply the E max model to fit the two marginal and twelve 
combination dose-response curves. We compute the 
interaction index and its 95% confidence intervals for each 
of the twelve combinations, and assess the overall pattern 
of drug interaction by examining the interaction index from 
the 12 fixed-ratio combinations together. We apply a one¬ 
dimensional distribution plot via the BLiP plot (25) to 
display the data. We use a two-dimensional scatter plot, a 
contour plot, and an image plot as well as a three- 
dimensional perspective plot to show the dose-response 
relationship. We also apply a trellis plot (26) to assemble 
the individual plots together into consecutive panels 
conditioning on different values of fixed dose ratios. 

4. EXPLORATORY DATA ANALYSIS 

As in all data analyses, we begin with an 
exploratory data analysis. For the low and high FA 
experiments, there are 871 and 879 readings, respectively. 
Only 9 and 1 observations, respectively, are missing out of 
a maximum of 880 readings in each experiment. The data 
include designated curve numbers ranging from 1 to 16 
and data point numbers ranging from 1 to 176. Each 
curve number indicates a specific dose combination. We 
re-label the curves as A-P where A and B correspond to 
the control (no drug) curves; C and D correspond to the 
curves of TMQ and AG administered alone, and curves 
E through P correspond to the combination curves with 
fixed dose ratios in ascending order. Each point number 
indicates the readings at each specific dilution of each 
curve. Because five duplicated experiments were 
performed, there are up to five readings for each specific 
point number. There is, however, no designation of the 
plate number in the data received. Figure 2 shows the 
variable percentile plot of the distribution of the effect 
from the low FA and high FA experiments using the 
BLiP plot, with each segment corresponding to a five 
percent increment (25). The plot gives an overall 


assessment of the distribution of the outcome variable of 
cell growth without conditioning on experimental 
settings. The middle 20% of the data (40 th to 60 th 
percentiles) are shaded in a light orange color. This 
figure indicates that the data have a bimodal distribution 
with most data clustered around either a low value of 
0.2 or a high value of 1.2. For the low FA experiment, 
the distribution of the effect ranges from 0.072 to 1.506 
with the lower, middle, and upper quartiles being 0.149, 
0.449, and 1.150, respectively. Similarly, for the high 
FA experiment, the effect ranges between 0.070 and 
1.545. The three respective quartiles are 0.213, 0.990, 
and 1.1495. The median of the data from the low FA 
experiment is smaller than the median of the data from 
the high FA experiment. The bimodal distributions 
could result from steep dose-response curves. As a 
consequence, the slope may not be estimated well in 
certain cases. 

To help understand the pattern of the fixed ratio 
dose assignment in a ray design and the relationship 
between the fixed ratio doses and curve numbers, we 
plot the logarithm transformed dose of TMQ and AG in 
Figure 3 for both the low FA and high FA experiments. 
As can be seen, curves A and B are the controls with no 
drugs. Curves C and D correspond to the single drug 
study of TMQ and AG, respectively. Curves E through P 
are the various fixed ratio combination doses of TMQ 
and AG. Note that curves J and K have the same dose 
ratios. Within each curve, the 11 dilutions are marked 
by 11 circles. For the combination studies, the curves 
for different dose ratios are parallel to each other on the 
log dose scale. If the same plot is shown in the original 
scale, these lines will form “rays,” radiating out from 
the origin like sun rays. Hence, the term “ray design” is 
an appropriate name for this type of experiment. The 
corresponding dose ranges used for each drug alone are 
5.47 x 10' 6 to 0.56 pM for TMQ in both the low FA and 
high FA experiments, and 2.71 x 10‘ 5 to 2.78 pM for 
AG2034 in the low FA experiment and 2.71 x 10" 4 to 
27.78 pM in the high FA experiment. 

Figures 4 and 5 show the raw data of the effect 
versus dose level by curve for the low FA and high FA 
experiments, respectively. Instead of using the actual dose, 
we plot the data using a sequentially assigned dose level to 
indicate each dilution within each curve such that the data 
can be shown clearly. In addition, the data points at each 
dilution for each curve are coded from 1 to 5 according to 
the order of the appearance in the data set. We assume that 
these numbers correspond to the replicate number for each 
design point (the well position in the stack of 5 plates). 
Because the plate number was not listed in the data, we are 
not certain that this is the case. From the plot, we can see 
that there are outliers in several dilution series. Of note, in 
Figure 4, the effects from plate (replicate) #1 in curves B, E, 
F, and K tend to be lower than all other replicates. There 
are also some unusually large values, for example, in 
replicate 2 in curve A, dose level (dilution series) 6; 
replicate 3 in curve L, dose level 4; and replicate 2 in curve 
M, dose level 1. Similar observations can be made for the 
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Figure 2. Variable width percentile plot for the observed effect in experiments with low and high folic acid media. Each vertical 
bar indicates a five percent increment. The middle 20% of the data are shaded in a light orange color. 


high FA experiment: plate #1 seems to have some low values 
in curves B, C, H, I, and J, and plate #4 seems to have some 
low values in curves E, K, N, O, and P. These findings indicate 
that certain procedures need to be performed to remove the 
obvious outliers in order to improve the data quality before the 
data analysis. 

Figure 6 shows the perspective plot, contour plot, 
and image plot for the low FA experiment. From the 
perspective plots in Figure 6.A (back view), B (front 
view), and C (side view), we can see that the effect 
starts at a high plane plateau at an effect level of about 
1.2 when the doses of TMQ are AG are small. As the dose 
of each drug increases, the effect remains approximately 
constant for a while and then a sudden drop occurs. This 
steep downward slope can be found by taking the 
trajectory of any combination of the TMQ and AG 
doses; it is also evident in the dose-response curves 
shown in Figures 4 and 5. The steep drop of the effect 
can also be found in the contour plot and the image plot. 
Similar patterns in the dose-response relationship are 
shown in Figure 7 for the high FA experiment. The steep 
drop of the effect occurs at smaller doses in the low FA 
experiment and at larger doses in the high FA experiment. 

5. DATA PREPROCESSING: OUTLIER 
REJECTION AND DATA STANDARDIZATION 

5.1. Outlier rejection 

To address the concern that outliers may adversely 
affect the analysis outcome, we devise the following simple 


plan. For each of the 176 point numbers (16 curves x 11 
dilutions), the five effect readings should be close to each other 
because they are from replicated experiments. However, 
because the plate number is not in the data set, we cannot 
assess the plate effect. Neither can we reject a certain replicate 
plate entirely should there be a plate with outlying data, nor 
apply a mixed effect model treating the plate effect as a 
random effect. For the four or five effect readings in each point 
number (only 9 point numbers in the low FA and 1 in the high 
FA experiments have 4 readings), we compute the median and 
the interquartile range. An effect reading is considered an 
outlier if the value is beyond the median ± 1.4529 times the 
interquartile range. If the data are normally distributed (i.e., 
follow a Gaussian distribution), the range expands to cover the 
middle 95% of the data. Hence, only about 5% of the data 
points (2.5% at each extreme) are considered outliers. The 
number 1.4529 is obtained by qnorm(.975)/( qnorm(.75) - 
qnorm(.25)) where qnormQr) is a quantile function which 
returns the X th percentiles from a normal distribution. Upon 
applying the above rule, 129 out of 871 (14.8%) effect 
readings in the low FA experiment and 126 out of 879 (14.3%) 
in the high FA experiment are considered outliers and are 
removed before proceeding to further analysis. The 
numbers of outliers in replicates 1 to 5 are 60, 28, 19, 14, 
and 8 for the low FA experiment and 35, 18, 21, 34, and 
18 for the high FA experiment, indicating a non-random 
pattern of outliers that could be attributed to 
experimental conditions. Note that the outlier rejection 
algorithm is only applied “locally.” In other words, it 
only applies to the replicated readings up to five 
replicates in each of the 176 experimental conditions. 
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log(TMQ dose + 5E-8) 


Figure 3. Experimental design showing the logarithmically transformed AG2034 (AG) dose versus the logarithmically 
transformed trimetrexate (TMQ) dose in the fixed ratio experiments. 16 curves are shown. Curves A and B are controls; no drugs 
applied. Curves C and D are single-drug studies for TMQ and AG, respectively. Curves E through P are the combination drug 
studies. Each curve has 11 dilutions shown in circles. Panel A: low folic acid medium. Panel B: high folic acid medium. 


5.2. Data standardization 

After outliers are removed from the data, we 
compute the mean of the control curves. The means for 
curves 8 and 16 are 1.1668 and 1.1534 for the low FA 
experiment and 1.1483 and 1.1477 for the high FA 
experiment, respectively. To apply the E max model in 
equation (E6) with E 0 = 1, we standardize the data by 
dividing the effect readings of respective curves 1-7 by the 
mean of curve 8 and the effect readings of respective 
curves 9-15 by the mean of curve 16. 

6. RESULTS 

6.1. Results for the low folic acid experiment 

The E majt model in equation (E6) is applied to fit 
all of the dose-response curves. For the low FA experiment, 
the parameter estimates, their corresponding standard errors, 
and the residual sum of squares are given in Table 1. The 
dose-response relationships showing the data and the fitted 
curves are displayed in Figure 8. Note that although model 
fitting is performed on the original dose scale, the dose is 
plotted on the logarithmically transformed scale to better 
show the dose-response relationship. The fitted marginal 
dose-response curves for TMQ (curve C) and AG (curve D) 
are shown in a blue dashed line and a red dotted line, 

respectively. From Table 1, we see that EDso is 0.00133 
for TMQ and 0.00621 for AG, indicating that TMQ is 
about 4.7 times more potent than AG at the ED 50 level. For 


curves E through P, the fitted dose-response curve for the 
combination treatment is shown as a solid black line 
superimposed on the marginal dose-response curves. The 
proposed E max model fits all curves well except for curves 
G, H and K. For curve G, although the model estimates 
converge in an initial attempt, the parameter m is estimated 
with a standard error of 30.3. The large standard error 
essentially indicates that the estimate m is not reliable. For 
curve K, the model does not converge on the original dose 
scale but converges on the logarithmically transformed 
dose scale. However, the standard error of the estimate m 
is still very large, which leads us to believe that the model 
is not very stable. For curve H, as can be seen in Figure 8, 
there are no observed effects between 0.3 and 1 from the 
second to the fifth dilutions. The parameter m cannot be 
estimated and the model fails to converge on both the 
original scale and the logarithmic scale. To address these 
problems, we conclude that the data do not provide us 
sufficient information to yield a reasonable estimate of the 
parameter m. Therefore, we take a remedial approach by 
fixing m, and then proceed to estimate the other two 
parameters. Upon checking the data, we set the parameter 
m as 5, 4.5, and 5 for curves G, H, and K, respectively. The 
choice of m is somewhat arbitrary with a goal of yielding a 
good fit to the data and producing a small residual sum of 
squares. The resulting “reduced” models fit the data 
reasonably well but with a consequence that there is no 
standard error estimate for m , which affects the variance 
estimation of the interaction index (to be shown later). 
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Table 1. Summary of parameter estimates (standard error) for the low FA experiment 


Curve 1 

Dose ratio 
(TMQ/AG) 2 

Emax 3 

KI>Q 

m 5 

Residual sum of 
squares 

C(1) 


0.877 (0.007) 

0.00133 (0.00006) 

2.345 (0.190) 

0.0779 

D(2) 


0.872 (0.007) 

0.00621 (0.00024) 

3.045 (0.269) 

0.0749 

E (15) 

0.004 

0.869 (0.008) 

0.00359 (0.00017) 

3.250 (0.437) 

0.0969 

F (13) 

0.008 

0.863 (0.008) 

0.00294 (0.00014) 

2.621 (0.276) 

0.0897 

G(ll*) 

0.02 

0.865 (0.006) 

0.00151 (0.00005) 

5.0 

0.0817 

H (7*) 

0.05 

0.889 (0.007) 

0.00274 (0.00011) 

4.5 

0.1025 

1(5) 

0.1 

0.885 (0.005) 

0.00253 (0.00009) 

3.449 (0.306) 

0.0689 

J (3) 

0.2 

0.882 (0.005) 

0.00244 (0.00007) 

4.019 (0.402) 

0.0655 

K. (9*) 

0.2 

0.872 (0.007) 

0.00233 (0.00007) 

5.0 

0.0843 

L (4) 

0.4 

0.889 (0.006) 

0.00278 (0.00011) 

5.473 (0.583) 

0.0855 

M (6) 

0.8 

0.890 (0.005) 

0.00200 (0.00007) 

3.208 (0.263) 

0.0738 

N (10) 

2 

0.887 (0.008) 

0.00169 (0.00009) 

2.544 (0.258) 

0.0984 

0(12) 

5 

0.878 (0.008) 

0.00145 (0.00007) 

2.206 (0.206) 

0.0837 

P (14) 

10 

0.874 (0.006) 

0.00134 (0.00006) 

1.971 (0.128) 

0.0599 


Footnotes and abbreviations: 'curves without data: curves A(8) and B(16) represent controls; no drugs applied. 


Trimetrexate/experimental drug AG2034, 3 maximum effect attributable to the drug, 4 dose level producing half of E max , 5 slope 
factor, which measures the sensitivity of the effect within a dose range of the drug, is fixed at a certain value 


Based on limited sensitivity analysis, the estimation of the 
interaction index remains reasonably robust. 

In all dose-response curves, the standardized 
effect level starts to drop between dose levels (dilutions) 3 
to 6. Once the effect starts to drop, it drops quickly and 

plateaus at the 1 - E max level. There are ample data points 

at the effect levels around 1 (dose levels 1-4) and 1 - E ntax 
(dose levels 8-11). Flowever, due to the sharp drop in the 
dose-response curves, fewer data points can be found in the 
middle of the effect range. When the data points become 
too few or do not spread out to cover enough range, it 
becomes harder for the model to converge, as seen in 
curves G, H, and K. The overall results for the curve fitting 
of the low FA experiment are that the values of E mm range 

from 0.863 to 0.890; the values of EDs o range from 
0.00133 to 0.00621; and the values of m range from 1.971 
to 5.473. The residual sum of squares ranges from 0.0599 
to 0.1025 without large values, suggesting that the model 
fits the data reasonably well. 

Based on the fitted dose-response curve, the 
interaction index (II) can be calculated over the entire 
effect range and at specific dose combinations. Table 2 
gives a detailed result of the estimated interaction index 
and its 95% point-wise confidence interval at each dose 
combination for each combination curve. The II is 
calculated at the predicted effect level from the 
combination curve and not at the observed effect level. The 
results are shown in a trellis plot in Figure 9 where the red 
lines represent the 95% point-wise confidence intervals at 
each specific effect level and the black dashed lines 
indicate the 95% simultaneous confidence bands of the II 
for the entire range. From the figure we find that the 
interaction index can be estimated with very good precision 
in all curves except at the two extremes when the effect is 
close to 1 or 1 - E max . The trend and the pattern of the 
interaction index are clearly shown in these figures. For 
curves E through K, i.e., with a TMQ:AG dose ratio 
ranging from 0.004 to 0.2, synergy is observed in the effect 
range between 0.2 to 0.9. For curves L and M, which have 


TMQ:AG ratios of 0.4 and 0.8, we see that synergy is 
observed at the low effect level from 0.2 to about 0.5. 
Beyond 0.5 the combinations are generally additive. For 
curves N, O, and P, with TMQ:AG ratios of 2, 5, and 10, 
the synergistic effect is lost and we see additivity in all 
dose ranges. 

6.2. Results for the high folic acid experiment 

Table 3 lists the parameter estimate, 
corresponding standard error, and sum of squares for all the 
curves in the high FA experiment. Unlike in the experiment 
using low FA media, the model fitting for all curves in the 
high FA experiment converge when using the E max model. 

The estimated E nlax ranges from 0.831 to 0.893; ED50 
ranges from 0.0137 to 0.1943 except for curve D (AG alone 

with EDso = 0.5224); and m ranges between 1.468 and 
3.625. The residuals sum of squares ranges from 0.0615 to 
0.1134. Compared to the low FA experiment, the values 

of EDs 0 are greater in the high FA experiment, indicating 
that the drugs are less potent when applied to a high FA 
medium. Note that the doses of TMQ are the same between 
the two experiments but the doses of AG are 10 times 

higher in the high FA experiment. In addition, EDso = 
0.0137 and 0.00133 for TMQ alone in the high and low FA 
experiments, respectively, which indicates that the drug is 
10 times less potent in the high FA medium compared to 
the low FA medium. The potency of AG is even more 
dramatically reduced. In Figure 10 we see that the E max 
model provides an excellent fit to all the curves. Table 4 
gives a detailed account of the interaction index in all 
dilutions for all of the combination curves. The results are 
summarized in a trellis plot in Figure 11. Again, the red 
lines represent the 95% point-wise confidence intervals at 
each specific effect level and the black dashed lines 
correspond to the simultaneous confidence bands of the II 
for the whole range. Using the high FA medium, synergy 
can be achieved for most of the drug combinations in all 
the effect ranges, with the exception of the very low or very 
high effect ranges. The confidence intervals are still very 
tight although they are a little wider compared to their 
counterparts from the low FA experiment. As the TMQ:AG 
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Table 2. Estimated interaction index and its 95% confidence interval at each dose combination for the low FA experiment 


Curve 1 

E (15) 


F (13) 


G(ll) 


H (7) 


1(5) 


J(3) 


TMQ 2 

dose 

AG2034 3 

dose 

Dose ratio 
TMQ/AG 


Predicted 

effect 


95% Cl 5 for II 


Dilution 

it 4 

Lower limit 

Upper limit 

1.07E-07 

2.66E-05 

0.004 

1 

1 

0.87 

0.18 

4.29 

8.58E-07 

0.000213 


2 

0.9999 

0.73 

0.28 

1.89 

2.71E-06 

0.000673 


3 

0.9962 

0.67 

0.37 

1.20 

8.58E-06 

0.002129 


4 

0.864 

0.61 

0.48 

0.78 

1.72E-05 

0.004259 


5 

0.4454 

0.58 

0.52 

0.65 

3.43E-05 

0.008517 


6 

0.1802 

0.56 

0.45 

0.71 

6.86E-05 

0.017000 


7 

0.1368 

0.61 

0.24 

1.55 

0.000137 

0.034100 


8 

0.1319 

0.91 

0 

4.35E+03 

0.000434 

0.107700 


9 

0.1314 

2.71 

0 

1.30E+157 

0.001373 

0.340700 


10 

0.1314 

8.58 

0 

NA 

0.011000 

2.725500 


11 

0.1314 

68.6 

0 

NA 

2.10E-07 

2.61E-05 

0.008 

1 

1 

0.28 

0.08 

0.91 

1.68E-06 

0.000209 


2 

0.9991 

0.35 

0.17 

0.71 

5.32E-06 

0.000660 


3 

0.9828 

0.4 

0.26 

0.62 

1.68E-05 

0.002088 


4 

0.746 

0.47 

0.4 

0.55 

3.37E-05 

0.004177 


5 

0.3788 

0.52 

0.46 

0.58 

6.73E-05 

0.008353 


6 

0.188 

0.59 

0.47 

0.74 

0.000135 

0.016700 


7 

0.1454 

0.76 

0.4 

1.47 

0.000269 

0.033400 


8 

0.138 

1.26 

0.02 

67.11 

0.000851 

0.105700 


9 

0.1366 

3.79 

0 

1.72E+37 

0.002692 

0.334100 


10 

0.1366 

11.95 

0 

NA 

0.021500 

2.673100 

0.02 

11 

0.1366 

95.63 

0 

NA 

4.97E-07 

2.47E-05 

1 

1.0000 

5.60 

1.90 

16.45 

3.98E-06 

0.000197 


2 

1.0000 

1.09 

0.60 

1.96 

1.26E-05 

0.000624 


3 

0.9885 

0.47 

0.36 

0.63 

3.98E-05 

0.001974 


4 

0.2987 

0.22 

0.19 

0.25 

7.95E-05 

0.003949 


5 

0.1410 

0.17 

0.09 

0.32 

0.000159 

0.007898 


6 

0.1350 

0.27 

0.00 

3.09E+04 

0.000318 

0.015800 


7 

0.1348 

0.54 

0.00 

1.62E+161 

0.000636 

0.031600 


8 

0.1348 

1.09 

0.00 

NA 

0.002012 

0.099900 


9 

0.1348 

3.44 

0.00 

NA 

0.006364 

0.315900 


10 

0.1348 

10.87 

0.00 

NA 

0.050900 

2.527300 

0.05 

11 

0.1348 

86.95 

0.00 

NA 

1.09E-06 

2.17E-05 

1 

1.0000 

12.11 

3.53 

41.51 

8.75E-06 

0.000174 


2 

1.0000 

2.71 

1.42 

5.15 

2.77E-05 

0.000549 


3 

0.9992 

1.29 

0.88 

1.90 

8.75E-05 

0.001738 


4 

0.8773 

0.65 

0.57 

0.74 

0.000175 

0.003475 


5 

0.3035 

0.43 

0.38 

0.48 

>=0.000350 

>=0.006950 

0.1 

6-11 

<=0.1219 

NA 

NA 

NA 

1.82E-06 

1.81E-05 

1 

1.0000 

2.39 

0.70 

8.17 

1.46E-05 

0.000145 


2 

0.9999 

1.17 

0.59 

2.30 

4.61E-05 

0.000458 


3 

0.9966 

0.83 

0.55 

1.24 

0.000146 

0.001448 


4 

0.8509 

0.61 

0.52 

0.71 

0.000292 

0.002896 


5 

0.3906 

0.51 

0.47 

0.55 

0.000583 

0.005792 


6 

0.1506 

0.38 

0.31 

0.47 

>=0.001167 

>=0.011600 

0.2 

7-11 

<=0.1188 

NA 

NA 

NA 

2.73E-06 

1.36E-05 

1 

1.0000 

12.56 

2.59 

60.87 
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K(9) 


L (4) 


M (6) 


N (10) 


0 ( 12 ) 


P (14) 


2.19E-05 

0.000109 


2 

1.0000 

3.31 

1.38 

7.95 

6.92E-05 

0.000343 


3 

0.9993 

1.67 

0.99 

2.81 

0.000219 

0.001086 


4 

0.9344 

0.88 

0.71 

1.08 

0.000438 

0.002172 


5 

0.5008 

0.61 

0.57 

0.65 

0.000875 

0.004344 


6 

0.1577 

0.40 

0.33 

0.48 

>=0.001750 

>=0.008688 

0.2 

7- 11 

<=0.1204 

NA 

NA 

NA 

2.73E-06 

1.36E-05 

1 

1.0000 

88.77 

14.80 

532.45 

2.19E-05 

0.000109 


2 

1.0000 

9.70 

3.84 

24.48 

6.92E-05 

0.000343 


3 

0.9998 

3.04 

1.83 

5.06 

0.000219 

0.001086 


4 

0.9550 

1.02 

0.86 

1.21 

0.000438 

0.002172 


5 

0.4457 

0.55 

0.51 

0.60 

0.000875 

0.004344 


6 

0.1429 

0.32 

0.21 

0.47 

>=0.001750 

>=0.008688 

0.4 

7- 11 

<=0.1280 

NA 

NA 

NA 

3.65E-06 

9.05E-06 

1 

1.0000 

812.88 

82.77 

7.98E+03 

2.92E-05 

7.24E-05 


2 

1.0000 

53.71 

13.70 

210.53 

9.22E-05 

0.000229 


3 

1.0000 

12.38 

5.18 

29.56 

0.000292 

0.000724 


4 

0.9964 

2.99 

1.98 

4.51 

0.000583 

0.001448 


5 

0.8651 

1.31 

1.10 

1.56 

0.001167 

0.002896 


6 

0.2103 

0.56 

0.50 

0.63 

>=0.002333 

>=0.005792 

0.8 

7- 11 

<= 0.1134 

NA 

NA 

NA 

4.38E-06 

5.43E-06 

1 

1.0000 

4.95 

1.18 

20.69 

3.50E-05 

4.34E-05 


2 

1.0000 

2.40 

1.01 

5.71 

0.000111 

0.000137 


3 

0.9989 

1.63 

0.93 

2.87 

0.000350 

0.000434 


4 

0.9580 

1.12 

0.85 

1.48 

0.000700 

0.000869 


5 

0.7206 

0.90 

0.80 

1.03 

0.001400 

0.001738 


6 

0.2804 

0.72 

0.64 

0.80 

0.002800 

0.003475 


7 

0.1325 

0.41 

0.25 

0.67 

>=0.005600 

>=0.006950 


8- 11 

<=0.1128 

NA 

NA 

NA 

4.97E-06 

2.47E-06 

2 

1 

1.0000 

1.37 

0.32 

5.84 

3.98E-05 

1.97E-05 


2 

0.9998 

1.17 

0.47 

2.89 

0.000126 

0.000062 


3 

0.9967 

1.08 

0.59 

1.98 

0.000398 

0.000197 


4 

0.9417 

0.99 

0.72 

1.37 

0.000795 

0.000395 


5 

0.7418 

0.95 

0.80 

1.13 

0.001591 

0.000790 


6 

0.3742 

0.90 

0.79 

1.02 

0.003182 

0.001580 


7 

0.1721 

0.81 

0.64 

1.03 

>=0.006364 

>=0.003159 


8- 11 

<= 0.1236 

NA 

NA 

NA 

5.26E-06 

1.04E-06 

5 

1 

1.0000 

0.67 

0.18 

2.52 

4.21E-05 

8.35E-06 


2 

0.9995 

0.76 

0.33 

1.76 

0.000133 

2.64E-05 


3 

0.9934 

0.82 

0.46 

1.45 

0.000421 

8.35E-05 


4 

0.9227 

0.88 

0.65 

1.21 

0.000841 

0.000167 


5 

0.7294 

0.92 

0.78 

1.10 

0.001683 

0.000334 


6 

0.4094 

0.97 

0.87 

1.08 

0.003365 

0.000668 


7 

0.2060 

1.01 

0.83 

1.24 

0.006731 

0.001337 


8 

0.1420 

1.05 

0.67 

1.65 

>=0.021300 

>=0.004227 

10 

9- 11 

<=0.1239 

NA 

NA 

NA 

5.36E-06 

5.32E-07 

1 

1.0000 

0.39 

0.14 

1.09 

4.29E-05 

4.26E-06 


2 

0.9988 

0.54 

0.28 

1.05 

0.000136 

1.35E-05 


3 

0.9887 

0.65 

0.42 

1.02 

0.000429 

4.26E-05 


4 

0.9015 

0.79 

0.62 

1.01 
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0.000858 

8.52E-05 

5 

0.7095 

0.88 

0.76 

1.02 

0.001716 

0.000170 

6 

0.4221 

0.99 

0.89 

1.10 

0.003431 

0.000341 

7 

0.2272 

1.12 

0.95 

1.32 

0.006863 

0.000681 

8 

0.1544 

1.30 

0.98 

1.74 

>=0.021700 

>=0.002155 

9- 11 

<= 0.1292 

NA 

NA 

NA 


Footnotes and abbreviations: 1 curves without data: curves A (8) and B (16) represent controls; no drugs applied; curves C (1, 
TMQ) and D (2, AG2034) represent single-drug applications, 2 trimetrexate, Experimental drug, 4 interaction index, ^confidence 
interval 


Table 3. Summary of parameter estimates (standard error) for the high FA experiment 

Dose ratio Residual sum of 


Curve 1 _ (TMQ/AG) 2 _ E max 3 _ ED 50 4 _iff_ squares 


C(1) 


0.883 (0.012) 


0.0137 (0.0012) 


3.625 (0.650) 


0.1074 


D(2) 


0.831 (0.015) 


0.5224 (0.0439) 


1.468 (0.137) 


0.0770 


E (15) 

0.0004 

0.867 (0.014) 


0.1943 (0.0122) 


2.558 (0.405) 


0.1134 


F (13) 

0.0008 

0.863 (0.010) 


0.1447 (0.0068) 


2.643 (0.258) 


0.0852 


G(ll) 

0.002 

0.859 (0.010) 


0.0912 (0.0045) 


2.996 (0.355) 


0.0999 


H(7) 

0.005 

0.881 (0.006) 


0.0699 (0.0027) 


2.887 (0.253) 


0.0746 


1(5) 

0.01 

0.881 (0.009) 


0.0484 (0.0026) 


2.528 (0.251) 


0.0977 


J(3) 

0.02 

0.884 (0.006) 


0.0331 (0.0011) 


2.114(0.136) 


0.0615 


K(9) 

0.02 

0.885 (0.008) 


0.0369 (0.0019) 


2.160 (0.195) 


0.0861 


L (4) 

0.04 

0.886 (0.008) 


0.0288 (0.0014) 


2.504 (0.255) 


0.0959 


M (6) 

0.08 

0.885 (0.009) 


0.0197 (0.0010) 


2.242 (0.214) 


0.0881 


N (10) 

0.2 

0.862 (0.010) 


0.0154 (0.0007) 


3.309 (0.415) 


0.0909 


0(12) 

0.5 

0.878 (0.009) 


0.0139(0.0006) 


3.491 (0.405) 


0.0933 


P (14) 

1 

0.893 (0.008) 


0.0183 (0.0009) 


2.735 (0.213) 


0.0669 


Footnotes and abbreviations: ‘curves without data: 

curves A(8) 

and B(16) 

represent controls; no 

drugs applied. 

2 trimetrexate/experimental drug AG2034, 3 maximum effect attributable to the drug, 

4 dose level producing half of E 

-max, Slope 

factor, which measures the sensitivity of the effect within a dose range of the drug 





Table 4. 

Estimated interaction index and its 95% confidence interval at each dose combination for the high FA experiment 


TMQ 2 






95% Cl 

[ 5 for 11 



AC2034 3 

Dose ratio 


Predicted 


Lower limit 

Upper 

Curve 1 

dose 

dose 

TMQ/AG 

Dilution 

effect 

n 4 



limit 

E (15) 

1.07E-07 

0.000266 

0.0004 

1 

1.0000 

48.28 

2.53 


922.71 


8.58E-07 

0.002128 


2 

1.0000 

10.31 

1.36 


78.32 


2.71E-06 

0.006729 


3 

0.9998 

4.39 

0.96 


20.02 


8.58E-06 

0.021278 


4 

0.9970 

1.87 

0.68 


5.14 


1.72E-05 

0.042555 


5 

0.9825 

1.12 

0.55 


2.28 


3.43E-05 

0.085110 


6 

0.9063 

0.67 

0.44 


1.02 


6.86E-05 

0.170221 


7 

0.6388 

0.40 

0.32 


0.48 


0.000137 

0.340441 


8 

0.2994 

0.21 

0.16 


0.28 


>=0.000434 

>=1.076570 


9-11 

<=0.1433 

NA 

NA 


NA 

F (13) 

2.10E-07 

0.000261 

0.0008 

1 

1.0000 

42.38 

3.74 


479.71 


1.68E-06 

0.002087 


2 

1.0000 

8.02 

1.56 


41.25 


5.32E-06 

0.006599 


3 

0.9998 

3.20 

0.96 


10.63 


1.68E-05 

0.020868 


4 

0.9949 

1.27 

0.59 


2.75 


3.37E-05 

0.041737 


5 

0.9688 

0.73 

0.44 


1.23 


6.73E-05 

0.083474 


6 

0.8363 

0.42 

0.32 


0.56 


0.000135 

0.166947 


7 

0.4876 

0.24 

0.20 


0.28 


0.000269 

0.333894 


8 

0.2224 

0.11 

0.08 


0.16 

G(ll) 

>=0.000851 

>=1.055866 

0.002 

9- 11 

<=0.1418 

NA 

NA 


NA 

4.97E-07 

0.000247 

1 

1.0000 

80.07 

5.84 


1097.54 


3.98E-06 

0.001973 


2 

1.0000 

9.20 

1.67 


50.66 


1.26E-05 

0.006239 


3 

0.9997 

2.78 

0.84 


9.26 


3.98E-05 

0.019730 


4 

0.9913 

0.85 

0.42 


1.71 


7.95E-05 

0.039460 


5 

0.9351 

0.42 

0.28 


0.63 


0.000159 

0.078920 


6 

0.6609 

0.21 

0.17 


0.25 
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H (7) 


1(5) 


J(3) 


K(9) 


L (4) 


M (6) 


0.000318 

0.157841 


7 

0.2796 

0.10 

0.08 

0.12 

>=0.000636 

>=0.315682 

0.005 

8-11 

<=0.1614 

NA 

NA 

NA 

1.09E-06 

0.000217 

1 

1.0000 

33.80 

3.34 

342.20 

8.75E-06 

0.001736 


2 

1.0000 

4.54 

1.03 

20.08 

2.77E-05 

0.005491 


3 

0.9994 

1.50 

0.54 

4.20 

8.75E-05 

0.017363 


4 

0.9843 

0.51 

0.29 

0.90 

0.000175 

0.034725 


5 

0.8955 

0.27 

0.20 

0.37 

0.000350 

0.069450 


6 

0.5603 

0.15 

0.13 

0.17 

0.000700 

0.138900 


7 

0.2239 

0.07 

0.06 

0.09 

>=0.001400 

>=0.277800 

0.01 

8-11 

<= 0.1344 

NA 

NA 

NA 

1.82E-06 

0.000181 

1 

1.0000 

4.94 

0.61 

39.76 

1.46E-05 

0.001447 


2 

0.9999 

1.11 

0.30 

4.13 

4.61E-05 

0.004575 


3 

0.9977 

0.50 

0.21 

1.20 

0.000146 

0.014469 


4 

0.9592 

0.23 

0.15 

0.37 

0.000292 

0.028938 


5 

0.8071 

0.16 

0.12 

0.20 

0.000583 

0.057875 


6 

0.4556 

0.11 

0.09 

0.13 

0.001167 

0.115750 


7 

0.2041 

0.07 

0.06 

0.09 

>=0.002333 

>=0.231500 

0.02 

8 - 11 

<=0.1347 

NA 

NA 

NA 

2.73E-06 

0.000136 

1 

1.0000 

0.67 

0.13 

3.34 

2.19E-05 

0.001085 


2 

0.9993 

0.28 

0.10 

0.74 

6.92E-05 

0.003432 


3 

0.9924 

0.18 

0.09 

0.34 

0.000219 

0.010852 


4 

0.9206 

0.13 

0.09 

0.17 

0.000438 

0.021703 


5 

0.7354 

0.11 

0.09 

0.13 

0.000875 

0.043406 


6 

0.4261 

0.10 

0.09 

0.12 

0.001750 

0.086813 


7 

0.2139 

0.10 

0.08 

0.11 

>=0.003500 

>=0.173625 

0.02 

8-11 

<= 0.1405 

NA 

NA 

NA 

2.73E-06 

0.000136 

1 

1.0000 

0.93 

0.15 

5.72 

2.19E-05 

0.001085 


2 

0.9995 

0.36 

0.12 

1.12 

6.92E-05 

0.003432 


3 

0.9946 

0.22 

0.11 

0.47 

0.000219 

0.010852 


4 

0.9390 

0.15 

0.10 

0.22 

0.000438 

0.021703 


5 

0.7800 

0.13 

0.10 

0.16 

0.000875 

0.043406 


6 

0.4722 

0.11 

0.10 

0.13 

0.001750 

0.086813 


7 

0.2316 

0.11 

0.09 

0.13 

>=0.003500 

>=0.173625 

0.04 

8-11 

<=0.1443 

NA 

NA 

NA 

3.65E-06 

0.000090 

1 

1.0000 

2.89 

0.34 

24.37 

2.92E-05 

0.000723 


2 

0.9999 

0.69 

0.18 

2.62 

9.22E-05 

0.002288 


3 

0.9983 

0.33 

0.14 

0.80 

0.000292 

0.007234 


4 

0.9702 

0.18 

0.12 

0.29 

0.000583 

0.014469 


5 

0.8538 

0.15 

0.11 

0.19 

0.001167 

0.028938 


6 

0.5312 

0.13 

0.11 

0.15 

0.002333 

0.057875 


7 

0.2326 

0.12 

0.10 

0.15 

>=0.004667 

>=0.115750 

0.08 

8-11 

<= 0.1355 

NA 

NA 

NA 

4.38E-06 

5.43E-05 

1 

1.0000 

0.73 

0.10 

5.17 

3.50E-05 

0.000434 


2 

0.9998 

0.27 

0.08 

0.89 

0.000111 

0.001373 


3 

0.9973 

0.17 

0.08 

0.37 

0.000350 

0.004341 


4 

0.9660 

0.13 

0.09 

0.21 

0.000700 

0.008681 


5 

0.8594 

0.13 

0.10 

0.17 

0.001400 

0.017363 


6 

0.5823 

0.14 

0.12 

0.16 

0.002800 

0.034725 


7 

0.2842 

0.16 

0.13 

0.18 

>=0.005600 

>=0.069450 


8-11 

<=0.1571 

NA 

NA 

NA 
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N (10) 

4.97E-06 

2.47E-05 

0.2 

1 

1.0000 

61.54 

3.00 

1262.99 


3.98E-05 

0.000197 


2 

1.0000 

4.66 

0.64 

34.02 


0.000126 

0.000624 


3 

1.0000 

1.21 

0.31 

4.73 


0.000398 

0.001973 


4 

0.9983 

0.41 

0.20 

0.87 


0.000795 

0.003946 


5 

0.9830 

0.28 

0.17 

0.46 


0.001591 

0.007892 


6 

0.8570 

0.23 

0.17 

0.31 


0.003182 

0.015784 


7 

0.4280 

0.21 

0.18 

0.25 


0.006364 

0.031568 


8 

0.1800 

0.23 

0.18 

0.30 

0(12) 

>=0.020124 

>=0.099827 

0.5 

9-11 

<=0.1390 

NA 

NA 

NA 

5.26E-06 

1.04E-05 

1 

1.0000 

194.98 

6.90 

5509.68 


4.21E-05 

8.35E-05 


2 

1.0000 

11.38 

1.16 

111.41 


0.000133 

0.000264 


3 

1.0000 

2.57 

0.51 

12.90 


0.000421 

0.000835 


4 

0.9998 

0.78 

0.30 

1.97 


0.000841 

0.001669 


5 

0.9978 

0.50 

0.25 

0.98 


0.001683 

0.003339 


6 

0.9754 

0.40 

0.24 

0.64 


0.003365 

0.006678 


7 

0.7849 

0.36 

0.27 

0.48 


0.006731 

0.013356 


8 

0.3109 

0.35 

0.30 

0.41 

P (14) 

>=0.021285 

>=0.042235 


9-11 

<=0.1263 

NA 

NA 

NA 

5.36E-06 

5.32E-06 

1 

1 

1.0000 

10.38 

0.65 

165.28 


4.29E-05 

4.26E-05 


2 

1.0000 

1.89 

0.29 

12.19 


0.000136 

0.000135 


3 

1.0000 

0.87 

0.24 

3.15 


0.000429 

0.000426 


4 

0.9998 

0.55 

0.23 

1.29 


0.000858 

0.000851 


5 

0.9986 

0.50 

0.25 

1.03 


0.001716 

0.001702 


6 

0.9910 

0.51 

0.29 

0.92 


0.003431 

0.003404 


7 

0.9436 

0.56 

0.37 

0.86 


0.006863 

0.006809 


8 

0.7232 

0.64 

0.50 

0.83 


0.021702 

0.021531 


9 

0.1851 

0.80 

0.65 

0.99 


>=0.068627 

>=0.068088 


10, 11 

<=0.1109 

NA 

NA 

NA 


Footnotes and abbreviations: Curves without data: curves A(8) and B(16) represent controls; no drugs applied; curves C(l, 
TMQ) and D (2, AG2034) represent single-drug applications, 2 trimetrexate, Experimental drug, interaction index, Confidence 
interval 


ratio increases from 0.0004 to 0.5, synergy is observed 
across all dilution series. In addition, higher synergy is 
observed at the lower effect levels, particularly when the 
TMQ:AG is at 0.01 or lower (curves E, F, G, H, and I). In 
the middle effect levels (effects between 0.2 and 0.8), the II 
ranges from about 0.1 in curves J and K, to 0.12 in curve L, 
0.15 in curve M, 0.25 in curve N, and 0.35 in curve O. The 
higher the TMQ:AG ratio, the less synergy it achieves. In 
curve P, for example, when the TMQ:AG ratio reaches 1, 
synergy is lost. 

7. SUMMARY 

In both the low FA and high FA experiments, 
TMQ is more potent than AG. At low TMQ:AG ratios, i.e., 
when a small amount of the more potent drug (TMQ) is 
added to a larger amount of the less potent drug (AG), 
synergy is achieved. However, when the TMQ:AG ratio 
reaches 0.4 or larger for the low FA medium, or when the 
TMQ:AG ratio reaches 1 or larger for the high FA medium, 
synergy decreases, or the interaction becomes additive. In 
general, a synergistic effect in a drug combination dilution 
series is stronger at higher doses that produce stronger 
effects (effects closer to 1 -E, mlx ) than at lower dose levels 


that produce weaker effects (effects closer to 1). The two 
drugs in this study are more potent in the low FA medium 
compared to the high FA medium. The drug synergy, 
however, is stronger in the high FA medium. 

8. DISCUSSION AND PERSPECTIVE 

The data supplied by Dr. Greco provide an 
excellent opportunity to apply and compare various 
approaches for studying the effects of combination drug 
treatments. For the median effect model, a linear 
relationship between the logit transformed effect and the 
log-dose makes the model fitting straightforward and easy. 
However, when measuring cell growth, as in the 
experiments we analyzed, if the maximum drug effect 
reaches a plateau and does not kill all the cancer cells, even 
at the highest experimental doses, the median effect model 
(12) does not apply. We used the E max model (19), which 
provides an adequate fit for most data. Parameter 
estimation under the E max model requires the use of 
iterative procedures such as the nonlinear weighted least 
squares method, which can address the heteroscedascity 
problem. Model convergence is not guaranteed; whether or 
not the model converges depends on the data and the choice 
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Dose Level 


Figure 4. Distribution of the effect versus dose level for curves A through P for the experiment in a low folic acid medium. 


of the initial values. We find that PROC NLIN in SAS 
provides a more comprehensive and robust environment for 
estimating parameters with nonlinear regression compared 
to the nls() function in S-PLUS/R. It can be useful to apply 
SAS first to estimate the parameters and then feed the 
results into S-PLUS/R for further data analysis and 
production of graphics. Unlike fitting the linearly- 
transformed median effect model via linear regression, for 
which a solution can always be found, fitting the E„ mx 
model via nonlinear regression may result in 
nonconvergence of the model in some cases. This 
nonconvergence may indicate aberrant conditions in the 
data such that the data do not provide adequate information 


for model fitting. We had convergence problems with the 
curves G, H, and K in the low FA experiment. In these 
cases, there were insufficient data in the middle of the 
effect range; hence, the parameters could not be estimated 
reliably. We had to fix the m parameter before we could 
estimate the other two parameters. From the dose-response 
curves, we found that TMQ was more potent than AG, and 
that the drug combination was more potent in the low FA 
medium than in the high FA medium. 

Upon construction of the marginal and 
combination dose-response curves, we applied the Loewe 
additivity model to compute the interaction index. We note 
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Dose Level 

Figure 5. Distribution of the effect versus dose level for curves A through P for the experiment in a high folic acid medium. 


that a definition of drug interaction such as the 
interaction index is model dependent. Additionally, no 
matter which model is used, based on the definition of 
the interaction index (7,8), the dose levels used in 
calculating the interaction index must be translated back 
to the original units of dose measurement. Under the 
given model, we found that the drug interaction between 
TMQ and AG was largely synergistic. Synergy was 
more clear and evident in the high FA experiment than 
in the low FA experiment. In addition, synergy was 
more likely to be observed when a small dose of the 
more potent drug (TMQ) was added to a large dose of 
the less potent drug (AG). When a large amount of a 


more potent drug is present, adding the less potent drug 
does not show synergy because the effect is already 
largely achieved by the more potent drug. In addition, 
the interval estimation showed that the 95% confidence 
intervals were wider at the two extremes of the effect, 
which were closer to 1 or to 1 -E max . This result is 
consistent with that of many regression settings in which 
estimation achieves higher precision in the center of the 
data distribution but lower precision at the extremes. 

We have provided a simple, yet useful 
approach for analyzing drug interaction for combination 
studies. The interaction index for each fixed dose ratio 
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k>g(TMQ dose ♦ 5E-8) 


log(TMQ dose ♦ 5E-8) 


log(TMQ dose -r 5E-8) 


Figure 6. Perspective plots (A, B, C), contour plots (D, E), and image plot (F) for the effect versus logarithm transformed doses 
of trimetrexate and AG2034 for the experiment in a low folic acid medium. 




log<TMQ dose * 5E-8) 


togiTMQ dose » i>E 8) 


tog(TMQ dose * 5E -8) 


Figure 7. Perspective plots (A, B, C), contour plots (D, E), and image plot (F) for the effect versus logarithmically transformed 
doses of trimetrexate and AG2034 for the experiment in a high folic acid medium. 
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Log Dose 

Figure 8. Effect versus logarithmically transformed dose plot for the combination study of trimetrexate and AG2034 in a low 
folic acid medium. Raw data are shown in open circles. Blue dashed line and red dotted line indicate the fitted marginal dose- 
response curves for trimetrexate and AG2034, respectively. Black solid line indicates the fitted dose-response curve for the 
combination of trimetrexate and AG2034. 
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Figure 9. Trellis plot of the estimated interaction index (solid line) and its point-wise 95% confidence interval (red solid lines) 
and the 95% simultaneous confidence band (dashed lines) for the low folic acid experiment. Estimates at the design points where 
experiments were conducted are in red. The interaction index is plotted on the logarithmically transformed scale but labeled on 
the original scale. 
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Log Dose 

Figure 10. Effect versus logarithmically transformed dose plot for the combination study of trimetrexate and AG2034 in a high 
folic acid medium. Raw data are shown in open circles. Blue dashed line and red dotted line indicate the fitted marginal dose- 
response curves for trimetrexate and AG2034, respectively. Black solid line indicates the fitted dose-response curve for the 
combination of trimetrexate and AG2034. 
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Figure 11. Trellis plot of the estimated interaction index (solid line) and its point-wise 95% confidence interval (red solid lines) 
and the 95% simultaneous confidence band (dashed lines) for the high folic acid experiment. Estimates at the design points where 
experiments were conducted are in red. The interaction index is plotted on the logarithmically transfonned scale but labeled on 
the original scale. 
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is computed and then displayed together using a trellis plot. 
This method works well for the ray design. Other methods 
have been proposed to model the entire response surface 
using the parametric approach (27) or the semiparametric 
approach (28). The results from applying the 
semiparametric model are reported in a companion article 
(29). 
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Abstract 

The interleukin-11 receptor a (IL-llRa) is a functional target 
in bone metastasis. However, its role in primary bone tumors 
has not been established. As such, here, we evaluated IL-llRa 
as a candidate target in primary and metastatic human 
osteosarcoma. First, in an orthotopic mouse model, we 
showed that IL-llRot protein is markedly expressed in 
primary osseus and pulmonary metastatic osteosarcoma but 
absent from control normal tibia and lung. Moreover, systemic 
administration of an IL-llRa-targeting phage displaying the 
cyclic nonapeptide CGRRAGGSC resulted in strong and 
selective accumulation of IL-llRa-homing phage particles 
in the osteosarcoma but not in several control organs. Finally, 
IL-llRa expression in a large panel of human primary and 
metastatic osteosarcoma samples was remarkably consistent 
with the observations in the orthotopic mouse model. These 
data establish IL-llRa as a candidate target in human 
osteosarcoma and provide leads for the development of novel 
imaging and therapeutic agents for the management of this 
malignant tumor. [Cancer Res 2009;69(5):1995-9] 

Introduction 

Human osteosarcoma is the most common primary malignant 
tumor of bone (1). Although the introduction of modern 
chemotherapy has improved the 5-year survival to nearly 70%, 
hearing loss, cardiomyopathy, neuropathy, and renal failure are 
seriously debilitating and even fatal side effects of the systemic 
combination cytotoxic chemotherapy currently used (2, 3). 
Furthermore, tumors often respond to chemotherapy, but ulti¬ 
mately, many patients succumb to respiratory failure secondary to 
progression of pulmonary metastases. Investigators have evaluated 
many alternatives for selective therapy, including tyrosine kinase 
inhibitors, insulin-like growth factor-I inhibitors, radionucleotides, 
gene therapy, and monoclonal antibodies such as disialoganglioside 
GD2 and gp58 (refs. 4-9). However, these newer noncytotoxic 
treatments either lack systemic specificity or have limited efficacy 
against human sarcomas; thus, additional treatment options for 
this tumor is clearly an unmet need. 


Note: Supplementary data for this article are available at Cancer Research Online 
(http://cancerres.aacrjournals.org/). 

Requests for reprints: Valerae 0. Lewis, Wadih Arap, or Renata Pasqualini, The 
University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Boulevard, Houston, 
TX 77030. Phone: 713-792-3873; Fax: 713-745-2999; E-mail: volewis@mdanderson.org, 
warap@mdanderson.org, or rpasqualini@mdanderson.org. 
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Molecular heterogeneity of the vascular endothelium enables 
selective targeting of agents to normal or diseased tissues (10, 11). 
Combinatorial approaches, such as in vivo phage display library 
selection, allow for interrogation of the endothelial cell surface in 
their native microenvironment and identification of targeting 
peptide motifs suitable for ligand-directed delivery (12). In previous 
work, we screened a phage display library in a human subject and 
reported a nonrandom peptide distribution (13-15). One of the 
selected ligand peptides contained the targeting motif Arg-Arg-Ala- 
Gly-Gly-Ser (RRAGGS, single-letter code) and exhibited similarity 
to human interleukin-11 (IL-11). This IL-11 mimic peptide bound 
the IL-11 receptor a (IL-llRa), through a previously unrecognized 
binding site (16), and localized to the vasculature of human 
prostate cancer (13). Moreover, evaluation of IL-llRa expression in 
an expanded set of clinically annotated prostate cancer samples 
has also shown a strong increase and gradual epithelial expression 
of IL-llRa with concomitant pathologic progression to bone 
metastases (17). On an unrelated line of evidence, IL-11/IL-llRa 
binding and downstream signaling via signal transduction and 
activator of transcription 3 activation has been proposed as a 
leading molecular pathway in metastasis (18). 

In the present study, given the high expression of IL-llRa 
protein and the proposed role of IL-11/IL-llRa signaling in bone 
metastasis, we hypothesized that IL-llRa similarly serves as a 
candidate target for primary and metastatic osteosarcoma. Using 
morphologic and functional analyses, we first examined a panel of 
mouse and human osteosarcoma-derived cell lines to establish the 
presence of a functional IL-llRa protein. In animal models of 
osteosarcoma, we then showed that IL-llRa within the bone 
microenvironment is accessible to a circulating particle displaying 
a mimic of the native ligand, IL-11, and strongly accumulates 
within the tumor. Finally, we showed that human primary 
osteosarcoma and pulmonary metastases express IL-llRa, both 
in tumor cells and activated tumor blood vessels, while sparing 
normal bone marrow and lung. Together, these data indicate for 
the first time that IL-llRa is a candidate target in human 
osteosarcoma and may serve as a target for ligand-directed delivery 
of agents against this disease. 

Materials and Methods 

Cell culture. Osteosarcoma cell lines derived from human (KRIB and 
OS187) and mouse (Dunn-LM, K7M3) were grown in DMEM containing 10% 
FCS, sodium pyruvate, streptomycin, nonessential amino acids, and 
multivitamins (4, 19). 

Flow cytometric analysis of IL-llRa expression. Osteosarcoma cells 
were plated at 8 x 10 5 cells. After 24 h, cells were trypsinized, suspen¬ 
ded in a fluorescence-activated cell sorting buffer consisting of PBS, 2% 
FCS, and 0.1% NaN 3 , and incubated with either 1 mg/mL phycoerythrin 
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(PE)-conjugated hamster anti-mouse IL-11 monoclonal antibody or isotype- 
matched, PE-conjugated control hamster IgG antibody (Pharmingen) for 
30 min at 4°C. Samples were washed and analyzed by flow cytometry 
(FACScan; Becton Dickinson). 

Cell internalization assay. Internalization assays were performed as 
described (17). In brief, osteosarcoma cells were plated overnight on 6-well 
polystyrene plates to a concentration of 5 x 10 4 cells/2 mL medium. Cells 
were blocked with 500 pL of DMEM containing 30% FCS for 60 min at 37 °C 
then incubated with 10 9 transducing units (TU) of phage in DMEM 
containing 2% FCS for 4 h at 37 °C. Cells were sequentially washed with 
PBS containing 10% bovine serum albumin (BSA), glycine buffer, PBS, and 
then fixed with PBS containing 4% paraformaldehyde (PFA). Cells were 
permeabilized with PBS containing 0.2% Triton X-100 (5 min at room 
temperature; RT), extensively washed with PBS, and blocked with PBS 
containing 5% normal serum and 1% BSA for 2 h at RT. The cells were 
incubated with a rabbit antiphage antibody (Sigma; 1:500 dilution) in PBS 
containing 1% normal serum (2 h at RT) and washed with PBS. Primary 
antibodies were detected with a Cy3-conjugated anti-rabbit IgG (Jackson 
ImmunoResearch; 1:300 dilution) in PBS (1 h at RT), rinsed with PBS (1 min 
at RT), fixed with PFA (15 min at RT), and mounted with Vectashield 
(Vector Laboratories). 

Intratibial implantation of osteosarcoma cells. Male athymic nu/nu 
(nude) mice were purchased from the animal production area of the 
National Cancer Institute-Frederick Cancer Research Facility and main¬ 
tained in a pathogen-free barrier animal facility approved by the American 
Association for Accreditation of Laboratory Animal Care. 

For intratibial administration, cultured osteosarcoma cells at 80% 
confluence were briefly washed with PBS and then detached with 0.25% 
trypsin and 0.02% EDTA. Cell detachment was stopped after 1 min with 
DMEM containing 10% FCS. Cells were washed once in serum-free medium 
and resuspended in Hank’s buffered salt solution. Suspensions containing 
>90% viable (trypan blue-excluding) cells were used for administration. 
Cells were injected (5 x 10 4 cells per mouse) into the right tibia of 5-wk-old 
nude mice anesthetized with Nembutal (50 mg/kg i.p.). Tumor growth was 
monitored with a Faxitron MX-20 X-ray unit, and images were digitally 
captured. Mice were killed at 1, 3, 5, 7, and 8 wk postinjection. Tibias 


(experimental and contralateral) and visceral organs were collected and 
processed. Histopathology was used to evaluate the presence of tibial 
and/or pulmonary tumors. 

Immunohistochemical analysis. Mouse osteosarcoma samples were 
stained within 2 wk of sectioning. Four-micrometer sections were subjected 
to antigen-retrieval by heat with EDTA (pH 8.0; Zymed) followed by biotin 
and protein blocking (DAKO). Cell expression of IL-llRa protein was 
evaluated with a rabbit anti-IL-llRa antibody (C20; Santa Cruz Biotech¬ 
nology) that cross-reacts (human and mouse) with the receptor. Primary 
antibodies were diluted at 1:15 and incubated for 45 min followed by 
development with the LSAB+ kit (DAKO). 

Dual staining for IL-llRa. and CD31. Tumor specimens were collected 
and analyzed for IL-llRa and CD31 expression as described (20, 21). Briefly, 
frozen tissue cryostat sections were fixed in a 50:50 solution of alcohol and 
acetone for 15 min, then washed with PBS. Nonspecific proteins were 
blocked by incubation in 5% normal horse serum plus 1% normal goat 
serum in PBS for 20 min. Sections were incubated with an anti-CD31 
primary antibody followed by a secondary antibody conjugated with Alexa 
594 (Molecular Probes). Sections were blocked again with PBS containing 
4% gelatin (Electron Microscopy Sciences) and washed with PBS. Protein 
expression of IL-llRa was detected with an anti-IL-llRa rabbit antibody 
(Santa Cruz), followed by a goat anti-rabbit antibody conjugated with Alexa 
488 (Molecular Probes). Slides were counterstained with Hoechst 3222 and 
visualized under standard fluorescence microscopy. 

Tumor targeting. Targeted phage experiments in vivo were performed 
as described (22-24). Briefly, male athymic nude mice bearing intratibial 
tumors were anesthetized and injected i.v. (tail vein) with 10 9 TU of 
CGRRAGGSC-displaying phage, RGD-4C phage (positive control), or an fd 
insertless phage (negative control). After 24 h, mice were systemically 
perfused through the heart with 20 mL of PFA. Tumor and control organs 
were removed and fixed in formalin. Tibial tumors underwent decalcifica¬ 
tion. Tissue samples were paraffin-embedded and sectioned into 4-pm 
specimens for staining (23). 

IL-llRct in human primary tumors and lung metastases. After 
Institutional Review Board approval, the osteosarcoma database and 
hospital tumor registry at the University of Texas M. D. Anderson Cancer 
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Figure 1 . IL-11 Ra protein expression in 
osteosarcoma cells. A, cells were labeled 
with either PE-conjugated polyclonal 
anti-IL-11 Ra antibody (solid bold line) or 
PE-conjugated IgG isotype control (dashed 
line) and measured by flow cytometry. 

B, expression of IL-11 Ra was statistically 
analyzed (Sigma Plot). The data represent 
mean values of three independent 
experiments (t test, P < 0.05). 

C, IL-11 Ra-targeted peptides mediate 
receptor-ligand internalization. 
CGRRAGGSC-displaying phage or control 
insertless phage were incubated with 
osteosarcoma cell lines for 4 h at 37°C to 
allow targeted phage internalization. 
Internalized phage clones (red dots) were 
detected with an antiphage antibody after 
cell permeabilization. Scale bar, 30 pm. 
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Figure 2. Serial radiographs and 
immunohistochemical analysis of IL-11 Ra 
in tibial osteosarcoma and lung 
metastases. Radiograph of tibial 
osteosarcoma reproducibly shows 
progression of the lesion over time. A 
typical experiment is shown. At week 2, a 
cortically confined lesion is seen (arrow). 
At week 3, posterior breakthrough is noted. 
Week 5 shows longitudinal extension of the 
lesion with progressive bony destruction 
and posterior and anterior cortical 
breakthrough. Week 7 illustrates bony 
destruction and the classic sunburst 
pattern of periosteal reaction. In 
representative images of the tumors at 5 
and 7 wk, the osteosarcoma have broken 
out anteriorly and posteriorly of the tibia. 
Control limbs show no visible lesion. 
Corresponding H&E staining and IL-11Ra 
expression of the tibial osteosarcoma 
lesions shows consistent expression of 
IL-11 R« with no expression in control 
normal bone (magnification, x200). Lung 
sections stained for IL-11 Ret expression 
show no expression in the control normal 
lung parenchyma but metastatic lesions 
express the receptor markedly. Pulmonary 
metastases were first detected at week 5 
(arrows). Scale bar, 100 pm. 



Center were queried from 2002 to 2007 for human osteosarcomas. Samples 
with <60% necrosis were then identified. From this specific query, primary 
bone samples (n = 30) and lung metastases (n = 19) were examined for the 
expression of the IL-llRa. Slides with viable tumor were stained as detailed 
above. The specimens were graded for intensity of staining on a scale of 1 to 
3 and for distribution on scale of 1 to 4 (Supplementary Fig. SI). 

Results and Discussion 

Osteosarcoma cells express IL-llRa.. To determine whether 
IL-llRa would serve as a molecular target for osteosarcoma, we 
first evaluated the cell surface expression of IL-llRa in several 
osteosarcoma cell fines. An anti-IL-HRa antibody recognizing 
both human and mouse IL-llRa showed positive reactivity of KRIB 
and OS 187 (human) as well as Dunn-LM and K7M3 (mouse) cells 
(Fig. L4). The data represent mean values of three independent 
experiments and are quantified (Fig. 113). To further assess whether 
IL-llRa is functionally active in osteosarcoma, we investigated the 
ability of KRIB, OS187, and Dunn-LM osteosarcoma cells to bind 
and internalize an IL-11 mimic peptide (17). Immunofluorescence 
analysis revealed that such CGRRAGGSC-displaying phage specif¬ 
ically bound and internalized into osteosarcoma cells, whereas an 
insertless negative control phage could not be detected under 
identical experimental conditions (Fig. 1C). These data support the 
expression of IL-llRa on osteosarcoma cells and present a viable 
candidate target for ligand-directed delivery to tumor cells. 

Systemic targeting of an orthotopic osteosarcoma model. 
In vivo models of osteosarcoma that spontaneously metastasize to 


the lung are robust and reproducible systems on which to not only 
study the mechanism of tumor growth and pulmonary metastases 
but also to assess the efficacy of potential antitumor and anti¬ 
metastatic agents. There are several osteosarcoma cell lines that 
when injected orthotopically into the tibia develop evidence of 
clinical and radiographic osteosarcoma lesions (4, 19, 25). In 
addition, as in human osteosarcomas, these lesions can metasta¬ 
size from the primary site into pulmonary metastases. The 
similarity of these rodent models to the natural history of 
osteosarcoma provide a valuable tool to rapidly translate newly 
identified molecular markers for clinical applications. 

By using a representative panel of osteosarcoma cell lines (KRIB, 
OS187, Dunn-LM, and K7M3), we generated orthotopic, metastatic 
mouse models of osteosarcoma (4, 19). We established a time 
course of tumor development and monitored its burden by X-ray 
radiography. The histopathologic and experimental findings with 
each cell fine were reproducibly similar. Therefore, we focused 
study on the KRIB cell-derived orthotopic model and studied the 
protein expression of IL-llRa in vivo by immunohistochemistry in 
formalin-fixed, paraffin-embedded tissue samples at 2, 3, 5, and 
7 weeks postinjection (Fig. 2). Beginning at an early time point 
(3 weeks), IL-llRa staining was strongly localized to the intratibial 
lesion then limited to the periphery of the lesions observed at later 
time point s (6-8 weeks). This change in staining pattern suggested 
the IL-llRa staining was most prominent in viable tumor areas, 
as the central areas of the tumors became necrotic. IL-llRa 
expression in control normal bone (contralateral tibia) was barely 
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Figure 3. Systemic targeting of 
osteosarcoma by targeted phage. 
Immunohistochemical analysis of phage 
accumulation after i.v. administration of 
either CGRRAGGSC-displaying phage 
(top row) or insertless fd-tet negative 
control phage ( bottom row) into mice 
bearing orthotopic osteosarcoma showed 
strong phage staining within the tumor, 
whereas the negative control was barely 
detectable above background. Scale bar, 
100 pm. 


detectable. Furthermore, at later time points, IL-llRa was strongly 
expressed in pulmonary lesions with no expression detected in the 
control normal lung parenchyma (Fig. 2). 

Having shown the presence of IL-llRa in orthotopic models of 
osteosarcoma, we next sought to evaluate systemic targeting of 
IL-11 mimic-displaying phage particles to the osteosarcoma 
lesions. We i.v. administered either the CGRRAGGSC-displaying 
phage or the insertless negative control phage to mice bearing 


intratibial osteosarcomas. After 24 hours of circulation, the 
CGRRAGGSC-displaying phage showed strong staining within the 
tumors with little to no accumulation detected in several control 
organs by immunohistochemistry (Fig. 3, top row). In contrast, 
the insertless negative control phage were barely detectable in 
tumors (Fig. 3, bottom row). As previously well established (26, 27), 
phage were identified in the spleen and liver, which are part of 
the reticuloendothelial system that nonspecifically clear phage 



Figure 4. Immunohistochemical staining 
of IL-11 Rev protein in human osteosarcoma 
biopsy samples and lung metastases. A, 
osteosarcoma cells present in Haversian 
canals (left) and the endothelial lining of 
small diameter blood vessels (middle and 
right) stain positively for IL-11 Ra (arrows). 
No staining was observed in the bone. 

B, immunofluorescence detection of 
IL-11 Ra in human osteosarcoma tumor 
vasculature showed localization of CD31 
(left-, arrows), IL-11 Ra (middle-, arrows), 
and colocalization (right) in human 
osteosarcoma. C, tumor cells positively 
express IL-11 Ra, whereas the normal lung 
parenchyma was negative (left). Intense 
staining of osteosarcoma cells was also 
observed in a bronchiole of the lung 
(middle) with control staining appearing 
negative (right). Scale bar, 80 pm. 


Cancer Res 2009; 69: (5). March 1, 2009 


1998 


www.aacrjournals.org 









IL-lIRa as a Target in Human Osteosarcoma 


independent of the displayed peptide. This selective targeting of 
the IL-11 mimic phage upon i.v. administration indicates not only 
that IL-llRa is accessible to circulating agents but also suggests 
that therapeutic agents with this ligand-directed system may yield 
improved targeted agents. 

IL-llRa protein is markedly expressed in primary and 
metastatic human osteosarcoma. To evaluate whether expres¬ 
sion of IL-llRa in the murine tumor models translates to human 
osteosarcoma, we first identified a large panel of human tumors in 
which the samples had <60% necrosis on pathology (n = 30). From 
this set, we performed immunohistochemical analysis of IL-llRa 
expression and scored the staining intensity and distribution 
(Supplementary Fig. SI; Fig. 44). Moderate-to-high intensity 
staining of the tumor cells was noted in all primary osteosarcoma 
samples, with an average score of 2.49 and was tightly distributed 
with an average score of 2.37 (Supplementary Fig. SI; Fig. 4 A). 
Endothelial expression of IL-llRa within the tumors was seen in 
>50% of tumor blood vessels and again showed moderate to high 
intensity staining (average, 2.53; Supplementary Fig. SI; Fig. 4 B). To 
confirm endothelial cell localization, we costained IL-llRa with the 
endothelial cell marker CD31 (Fig. 4 B). Of note, only the small 
caliber blood vessels within the tumor positively expressed the 
receptor, whereas large tumor blood vessels did not express 
IL-llRa at detectable levels; the reason for this observation 
remains unclear. 

We next set out to evaluate whether IL-llRa expression was 
maintained in lung metastatic tumors (n = 19). All pulmonary 
metastases were positive for IL-llRa, revealing a high intensity of 
staining with an average of 3.0 and a moderate distribution of 
2.84 (Supplementary Fig. SI; Fig. 4C). The control normal lung 


parenchyma was negative for IL-llRa protein expression. Taken 
together, therapeutic targeting of IL-llRa could potentially act as 
an antitumor, antiangiogenesis, and antimetastatic agent for the 
management of human osteosarcoma. 

In summary, treatment options and survival outcomes of 
patients with osteosarcoma has all but plateaued over the past 
20 year. The discovery of functional ligand receptor systems is a 
critical first step in the development of new targeted agents. Our 
histologic and functional findings establish that the IL-11/IL-llRa 
system acts as a bona fide ligand receptor pair in osteosarcoma. 
Moreover, the vascular expression, systemic targeting, and human 
translation further support the candidacy of IL-ll/IL-llRa-based 
therapies or imaging agents for osteosarcoma patients. 
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Immunohistochemical Expression of Estrogen and Progesterone 
Receptors Identifies a Subset of NSCLCs and Correlates 
with EGFR Mutation 
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Natalie C. Ozburn , 2 Denise M. Woods , 1 Ximing Tang , 2 Reza J. Mehran , 4 
Cesar Moran , 1,2 J. Jack Lee , 3 and Ignacio I. Wistuba 1,2 


Abstract Purpose: To determine the frequency of estrogen receptor a and (3 and progesterone 
receptor protein immunohistochemical expression in a large set of non-small cell lung car¬ 
cinoma (NSCLC) specimens and to compare our results with those for some of the same 
antibodies that have provided inconsistent results in previously published reports. 
Experimental Design: Using multiple antibodies, we investigated the immunohisto¬ 
chemical expression of estrogen receptors a and (3 and progesterone receptor in 317 
NSCLCs placed in tissue microarrays and correlated their expression with patients' clin- 
icopathologic characteristics and in adenocarcinomas with EGFR mutation status. 
Results: Estrogen receptors a and (3 were detected in the nucleus and cytoplasm of 
NSCLC cells; however, the frequency of expression (nucleus, 5-36% for a and 42-56% 
for (3; cytoplasm: <1-42% for a and 20-98% for (3) varied among the different antibodies 
tested. Progesterone receptor was expressed in the nuclei of malignant cells in 63% of 
the tumors. Estrogen receptor a nuclear expression significantly correlated with adeno¬ 
carcinoma histology, female gender, and history of never smoking (P= 0.0048 to 
<0.0001). In NSCLC, higher cytoplasmic estrogen receptor a expression significantly 
correlated with worse recurrence-free survival (hazard ratio, 1.77; 95% confidence inter¬ 
val, 1.12, 2.82; P= 0.015) in multivariate analysis. In adenocarcinomas, estrogen recep¬ 
tor a expression correlated with EGFR mutation (P = 0.0029 to <0.0001). Estrogen 
receptor (3 and progesterone receptor but not estrogen receptor a expressed in the nor¬ 
mal epithelium adjacent to lung adenocarcinomas. 

Conclusions: Estrogen receptor a and (3 expression distinguishes a subset of NSCLC that 
has defined clinicopathologic and genetic features. In lung adenocarcinoma, estrogen 
receptor a expression correlates with EGFR mutations. (Clin Cancer Res 2009;15(17): 
5359-68) 
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Lung cancer is the most common cause of cancer mortality 
worldwide, with >1 million deaths each year (1). Lung cancer 
includes several histologic types, the most frequently occurring 
of which are two types of non-small cell lung carcinoma 
(NSCLC): adenocarcinoma and squamous cell carcinoma 
(2). During the last two decades, mortality rates associated 
with cancer have continued to decrease across all major sites 
in men and women; however, the rates for lung cancer in fe¬ 
males have continued to increase (3, 4). Despite global statis¬ 
tics estimating that 15% of lung cancer in men and 53% in 
women are not attributable to smoking (1), smoking remains 
the primary risk factor for lung cancer. The higher proportion 
of lung cancer in females who have never smoked compared 
with males who have never smoked suggests a possible role 
for gender-dependent hormones in the development of lung 
cancer (5). 

Estrogen receptors a and (3 are expressed in normal lung 
tissue and in lung tumors in men and women (6), yet the data 
are inconsistent about whether estrogen receptor expression is 
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Translational Relevance 

A better understanding of the signaling pathways 
that lead to tumor growth may help in the develop¬ 
ment of new and more effective strategies for tar¬ 
geted chemoprevention and treatment of lung 
cancer. Our finding of frequent overexpression of 
estrogen receptor and progesterone receptor in 
non-small cell lung carcinoma suggests that the 
activation of these pathways is an attractive novel 
target for lung cancer chemopreventive and thera¬ 
peutic strategies. The correlation between estrogen 
receptor and EGFR mutation in lung adenocarcino¬ 
ma suggests that it might be important to target both 
pathways simultaneously for lung cancer therapy. 


gender biased (6-9) or associated with NSCLC overall survival 
(9-11). The data reported on the immunohistochemical expres¬ 
sion for both estrogen receptors in NSCLC remain controver¬ 
sial. Estrogen receptor a has been reported to be expressed in 
the nucleus (0-45%) and cytoplasm (0-73%) of malignant lung 
cancer cells in the cases examined (9, 10, 12, 13). The percen¬ 
tages for estrogen receptor (3 are more consistent, with 46% to 
60% of NSCLC cases showing only nuclear expression (9-14). 
Similarly, two reports suggested that progesterone receptor is 
frequently (47%) expressed in NSCLC tumor cells, and this 
expression correlated with better patient outcome (12, 15). 

Several in vitro and in vivo studies have provided evidence 
supporting a biological role for estrogens in lung carcinogenesis 
by direct promotion of cell-proliferation estrogens stimulate 
the proliferation of NSCLC cells through estrogen receptor- 
mediated signaling, whereas antiestrogens inhibit the growth 
of NSCLC cells (6, 7, 13, 16, 17). Estrogen can directly stimu¬ 
late the transcription of estrogen-responsive genes in the 
nucleus of lung cells and can also transactivate growth factor¬ 
signaling pathways, the epidermal growth factor receptor 
(EGFR) pathway in particular (13, 18). In estrogen stimulation 
of lung cancer cells, EGFR ligands are rapidly released, activat¬ 
ing the EGFR and mitogen-activated protein kinase 1 growth 
pathways (19). Activation of the EGFR pathway seems to play 
an important role in the pathogenesis and progression of 
NSCLC (20). In lung cancer cells, the constitutive activation 
of EGFR is achieved by several mechanisms, including in¬ 
creased production of ligands, increased levels of the receptor, 
and mutation of the EGFR tyrosine kinase domain (20-22). Of 
interest, EGFR protein expression is down-regulated in response 
to estrogens and up-regulated in response to antiestrogens, 
suggesting that a reciprocal control mechanism exists between 
the EGFR and estrogen receptor pathways (19). 

The purpose of the current study was to determine the fre¬ 
quency of estrogen receptor a and (3 and progesterone receptor 
protein immunohistochemical expression in a large set of 
NSCLCs placed in tissue microarray specimens and to compare 
our results with those for some of the same antibodies that 
have provided inconsistent results in previously published re¬ 
ports (9-14). In addition, the receptor-expression results were 
correlated with patients' clinicopathologic features, including 
NSCLC histology, gender, smoking history, and patient out¬ 
come, and in adenocarcinoma with tumors' EGFR activating 


mutation status. Finally, to understand estrogen receptor a 
and (3 and progesterone receptor protein expression in the early 
pathogenesis of lung cancer, we investigated the characteristics 
of estrogen receptor a and (3 and progesterone receptor protein 
expression in the nonmalignant respiratory epithelium adjacent 
to tumors taken from a subset of our retrospectively reviewed 
lung adenocarcinoma cases. 

Materials and Methods 

Case selection and tissue microarray construction. We obtained ar¬ 
chived, formalin-fixed, paraffin-embedded tissue from surgically re¬ 
sected (with curative intent) lung cancer specimens (lobectomies and 
pneumonectomies) containing tumor and adjacent normal epithelium 
tissues from the Lung Cancer Specialized Program of Research Excellence 
Tissue Bank at The University of Texas M.D. Anderson Cancer Center, 
which has been approved by the Institutional Review Board. The tissue 
had been collected from 1997 to 2001, and the tissue specimens were 
histologically examined and classified using the 2004 WHO classifica¬ 
tion system (2). We selected 317 NSCLC tissue samples (201 adenocar¬ 
cinomas and 116 squamous cell carcinomas) for our tissue microarrays. 
Tissue microarrays were constructed using triplicate 1-mm diameter 
cores per tumor, and each core included central, intermediate, and pe¬ 
ripheral tumor tissue. Detailed clinical and pathologic information, in¬ 
cluding demographics, smoking history (never and ever smokers), and 
smoking status (never, former, and current), clinical and pathologic 
tumor-node-metastasis stage, overall survival duration, and time to 
recurrence, were available for most cases (Supplementary Table SI). 
Patients who had smoked at least 100 cigarettes in their lifetime were 
defined as smokers, and smokers who quit smoking at least 12 mo 
before their lung cancer diagnosis were defined as former smokers. 
Tumors were pathologic tumor-node-metastasis stages I to IV according 
to the revised International System for Staging Lung Cancer (23). 

To assess the immunohistochemical expression of estrogen receptor 
a and |3 and progesterone receptor markers in the nonmalignant respi¬ 
ratory epithelium adjacent to lung tumors, we selected whole histology 
sections containing tumor and adjacent lung tissue from 64 adenocar¬ 
cinomas that were included in our tissue microarrays. 

Immunohistochemical staining and evaluation. The following anti¬ 
bodies against estrogen receptors a and |3 and progesterone receptor 
were purchased: (a) estrogen receptor a-1, clone 6F11, Novocastra, 
Leica Microsystems, Inc.; (b) estrogen receptor a-2, clone 6F11, Chemi- 
con, Millipore Corporate; (c) estrogen receptor a-3, clone HC20, Santa 
Cruz Biotechnology, Inc.; ( d ) estrogen receptor a-4, clone 1D5, Lab 
Vision Corporation; (e) estrogen receptor fj-l, clone HI50, Santa Cruz 
Biotechnology; (f) estrogen receptor (3-2, clone 14C8, GeneTex, Inc.; 
and (g) progesterone receptor, clone SP2, Lab Vision Corporation. De¬ 
tails on immunohistochemistry conditions and characteristics of the 
antibodies are listed in Supplementary Table S2. Immunohistochemical 
staining was done as follows: 5-pmol/L formalin-fixed, paraffin- 
embedded tissue sections were deparaffmized, hydrated, heated in a 
steamer for 10 min with 10 mmol/L sodium citrate (pH 6.0) for antigen 
retrieval, and washed in Tris buffer. Peroxide blocking was done with 
3% H 2 0 2 in methanol at room temperature for 15 min, followed by 
10% fetal bovine serum in TBS-Tween for 30 min. The slides were in¬ 
cubated with primary antibody at an ambient temperature for 60 min 
for all antibodies; the exception was estrogen receptor (3 14C8 (estrogen 
receptor (3-2), which was incubated overnight at 4°C, washed with PBS, 
and incubated with biotin-labeled secondary antibody (Envision Dual 
Link+, DAKO) for 30 min. Staining for the slides was developed with 
0.05% 3',3-diaminobenzidine tetrahydrochloride, which had been 
freshly prepared in 0.05 mol/L Tris buffer (pH 7.6) containing 
0.024% H 2 0 2 , and then, the slides were counterstained with hematox¬ 
ylin, dehydrated, and mounted. Formalin-fixed, paraffin-embedded 
normal breast tissue was used as the positive control. For the negative 
control, we used the same specimens used for the positive controls but 
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replaced the primary antibody with PBS. For each antibody, we did 
titration experiments using a relatively wide range of antibody concentra¬ 
tions (1:50, 1:100, 1:200, and 1:500), including the concentration 
suggested by the manufacturer. The selection of the antibody dilution 
was based on the consistency in the expression in the breast cancer and 
normal tissues with known estrogen receptor and progesterone receptor 
expression used as control. 

In addition, to study the correlation between the immunohistochem- 
ical expression of estrogen receptors and their ability to detected differ¬ 
ent isoforms of the proteins by Western blot, we examine by 
immunohistochemistry, formalin-fixed, paraffin-embedded cell lines 
pellets and by Western blot protein obtained from seven NSCLC cell 
lines (H157, H3255, HCC78, H1359, H1666, and HI 174). For both 
techniques, we used the same antibodies that we used to examine the 
tissue specimens, except estrogen receptor a-2, which recently was re¬ 
placed by the new manufacturer by a new clone (clone El 15, Millipore; 
Supplementary Table S2). For Western blot analysis, cells were lysed 
with radioimmunoprecipitation assay buffer (50 mmol/L Tris-HCl, 
pH 7.4; 150 mmol/L NaCl; 1 mmol/L EDTA; 1% Triton X-100; 1% so¬ 
dium deoxycholate; 0.1% SDS; 1 mmol/L phenylmethylsulfonylfluor- 
ide; 1 mmol/L Na 3 V0 4 ; and protease inhibitor tablet; Roche 
Diagnostics), and 75 pg of protein was separated by SDS-PAGE. A 
new blot was run for each antibody to eliminate any potential cross¬ 
reactivity due to incomplete stripping of previous antibodies. Antibo¬ 
dies were diluted in 4% milk in Tris-buffered saline tween-20 (TBST) 
and incubated overnight at 4°C. 

Two observers (M.G. Raso and I.I. Wistuba) jointly quantified the 
immunohistochemical expression of estrogen receptors and progester¬ 
one receptor using light microscopy (original magnification, x20). Both 
nuclear and cytoplasmic expressions were quantified using a four-value 
intensity score (0, 1+, 2+, and 3+) and the percentage (0-100%) of re¬ 
activity. We defined the intensity categories as follows: 0, no apprecia¬ 
ble staining; 1+, barely detectable staining in epithelial cells compared 
with the stromal cells; 2+, readily appreciable staining; and 3+, dark 
brown staining of cells. Next, an expression score was obtained by mul¬ 
tiplying the intensity and reactivity extension values (range, 0-300). 

EGFR mutation analysis. Exons 18 to 21 of EGFR were PCR- 
amplified using intron-based primers, as previously described (24, 
25). Approximately 200 microdissected, formalin-fixed, paraffin- 
embedded cells were used for each PCR amplification. All PCR products 
were directly sequenced using the Applied Biosystems PRISM dye termi¬ 
nator cycle sequencing method. All sequence variants were confirmed 
by independent PCR amplifications from at least two independent 
microdissections and DNA extraction, and the variants were sequenced 
in both directions, as previously reported (24, 25). 

Statistical analysis. The immunohistochemical expression and clin- 
icopathologic data were summarized using standard descriptive statis¬ 
tics and frequency tabulations. BLiP plots were generated to summarize 
the distribution of estrogen receptor and progesterone receptor expres¬ 
sions. Associations between the marker expression and patients' clinical 
and demographical variables (including age, sex, smoking history, his¬ 
tology type, and pathologic stage) were assessed using appropriate 
methods, including the y 2 or Fisher's exact test for categorical variables, 
and Wilcoxon rank sum or Kruskal-Wallis test for continuous variables. 
The Spearman rank r was used to estimate the correlation between 
immunohistochemistry markers. Kaplan-Meier survival curves for pa¬ 
tient overall survival and recurrence-free survival were also generated. 
The log-rank test was used to identify the difference between the patient 
groups for overall and recurrence-free survival. For univariate and mul¬ 
tivariate analyses for immunohistochemical expressions, the Cox pro¬ 
portional hazard model was used. Two-sided Ps < 0.05 were 
considered statistically significant. 

Results 

Correlation of expression by estrogen receptor antibodies. We 
examined four commercially available antibodies against estro¬ 


gen receptor a: two using the same clone (6F11) and two anti¬ 
bodies against estrogen receptor (3 (Supplementary Table S2). 
Using the scores of expression generated from all NSCLCs, we 
analyzed the correlation of the expression in the malignant cells 
for the four estrogen receptor a and the two estrogen receptor (3 
antibodies tested. All four of the estrogen receptor a antibodies 
showed nuclear staining, and two of the four antibodies also 
detected expression in the cytoplasm of malignant cells (estro¬ 
gen receptor a-3, clone HC20, and estrogen receptor a-4, clone 
1D5). Both estrogen receptor a clones 6F11 antibodies (estro¬ 
gen receptors a-1 and a-2) against the full length of the protein, 
obtained from two different companies, showed only nuclear 
staining. Using the scores of expression, all four of the estrogen 
receptor a antibodies significantly correlated with each other at 
nuclear expression (Spearman rank correlation, r = 0.32-0.48; 
P < 0.0001; Supplementary Table S3). Flowever, when only tu¬ 
mors expressing nuclear estrogen receptor a using any antibody 
were examined, no correlation in the expression using these 
four antibodies was observed (Supplementary Table S4). Simi¬ 
larly, although significant correlation was detected in the stain¬ 
ing of the two estrogen receptor a antibodies (estrogen receptor 
a-3 and -4) showing cytoplasmic expression (r = 0.43; P < 
0.0001) using the scores, no correlation was detected when on¬ 
ly tumors showing cytoplasmic estrogen receptor a expression 
were examined. There was no statistically significant correlation 
between both of the estrogen receptor (3 antibodies examined 
in their nuclear expression; although they significantly correlat¬ 
ed at their cytoplasmic expression, the r was very low (r = 0.17; 
P = 0.005). 

To assess the ability of the antibodies to detect full length and 
isoforms of the estrogen receptor proteins, we examined their 
expression by immunohistochemistry (cell lines pellets) and 
Western blot in a panel of seven NSCLC cell lines. We identified 
that, by Western blot, all four estrogen receptor a and both es¬ 
trogen receptor (3 antibodies used detect their full-length pro¬ 
teins of 66 and 60 kDa, respectively (data not shown). In 
addition, antibodies estrogen receptor a-1 and a-3 detect other 
isoforms of 46 kDa in NSCLC cell lines. We did not find corre¬ 
lation between the immunohistochemical nuclear and cyto¬ 
plasmic expression and the patterns of isoforms detected by 
Western blot. 

Frequency of estrogen receptor and progesterone receptor 
expression in NSCLC specimens by histology. We analyzed the 
frequency of any estrogen receptor and progesterone receptor 
immunohistochemical expression (positive cases, score > 0) 
for each antibody tested by NSCLC tumor histology, and the 
data are summarized in Table 1. Representative microphoto¬ 
graphs of the expression of estrogen receptor and progesterone 
receptor with some of the antibodies tested are shown in Fig. 1. 
Estrogen receptors and progesterone receptor were detected in 
the nucleus of malignant cells by all of the corresponding anti¬ 
bodies tested. I Iowever, when expressed, the percentage of ma¬ 
lignant cells showing staining was low in general, with an 
average percentage of positive expression of 19% (range, 2- 
90%) for estrogen receptor a-1 nuclear; 13% (range, 2-93%) 
for estrogen receptor a-2 nuclear; 21% (range, 1-60%) and 
19% (range, 3-73%) for estrogen receptor a-3 nuclear and 
cytoplasmic, respectively; and 11% (range, 3-97%) and 7% 
(range, 3-30%) for estrogen receptor a-4 nuclear and cytoplas¬ 
mic, respectively. The average percentages of positive cells ex¬ 
pressing estrogen receptor (3 were 37% (range, 3-90%) and 
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Table 1. Frequency of estrogen receptor and progesterone receptor immunohistochemical expression in 
NSCLC tissue specimens 


Marker 

Location 


ADCA 


SCC 

P 

No. of cases 

Positive, n (%) 

No. of cases 

Positive, n (%) 

ERa-1 

Nucleus 

187 

20(11) 

109 

2(2) 

0.0048 


Cytoplasm 

187 

0 

108 

0 

_ * 

ERa-2 

Nucleus 

186 

84 (45) 

110 

23 (21) 

<0.0001 


Cytoplasm 

185 

1 (<1) 

111 

0 

1.000 

ERa-3 

Nucleus 

191 

16(8) 

114 

0 

0.0007 


Cytoplasm 

190 

92 (48) 

114 

37 (33) 

0.0064 

ERa-4 

Nucleus 

185 

74 (40) 

109 

25(23) 

0.0028 


Cytoplasm 

185 

35(19) 

109 

18(17) 

0.6043 

ER(3-1 

Nucleus 

189 

102(54) 

112 

66 (59) 

0.4022 


Cytoplasm 

189 

185 (98) 

112 

110 (98) 

1.0000 

ER(3-2 

Nucleus 

174 

83 (48) 

100 

31 (31) 

0.0069 


Cytoplasm 

172 

37 (22) 

100 

16 (16) 

0.2685 

PR 

Nucleus 

177 

103 (58) 

112 

78 (70) 

0.05 


Cytoplasm 

176 

0 

112 

0 

_ * 


NOTE: Any expression score > 0 is considered positive. 

Abbreviations: ADCA, adenocarcinomas; SCC, squamous cell carcinoma; ER, estrogen receptor; PR, progesterone receptor. 
*Not tested. 


37% (range, 3-97%) for estrogen receptor (3-1 nuclear and 
cytoplasmic, respectively, and 13% (range, 1-77%) and 24% 
(range, 3-67%) for estrogen receptor (3-2 nuclear and cytoplas¬ 
mic, respectively. 

Although there are important variations in the frequency of 
expression between the nuclear estrogen receptor a antibodies 
tested, adenocarcinoma histology showed significantly higher 
frequency of expression than squamous cell carcinomas for 
all estrogen receptor a antibodies (P < 0.0001-0.048; Table 1). 
For nuclear expression of estrogen receptor (3, the data ob¬ 
tained with both antibodies tested were relatively consistent, 
and the adenocarcinoma histology showed a significantly high¬ 
er frequency of expression than the squamous cell carcinoma 
did with the estrogen receptor (3-2 antibody (P = 0.0069). Two 
of the estrogen receptor a (estrogen receptor a-3 and a-4) and 
both estrogen receptor (3 antibodies also detected estrogen re¬ 
ceptor expression in the cytoplasm of NSCLC cells (Table 1). 
Although the estrogen receptor (3-2 antibody detected protein 
expressed in the cytoplasm of a subset of NSCLCs, the 
estrogen receptor (3-1 antibody detected expression in nearly 
all of the tumors. Cytoplasmic expression, only for the estro¬ 
gen receptor a-3 antibody, was significantly higher in adeno¬ 
carcinomas when compared with squamous cell carcinomas 
(P = 0.0064). 

In the NSCLC tissues, progesterone receptor expression was 
frequently detected in the nuclei of malignant cells only. Squa¬ 
mous cell carcinoma histology showed a marginally significant 
higher frequency of expression than that of the adenocarcino¬ 
mas (P = 0.05; Table 1). 

Correlation between estrogen receptor and progesterone receptor 
expression in NSCLC and patients' clinicopathologic features. 
We correlated expression of estrogen receptors and progester¬ 
one receptor for each antibody tested with the patients' clinico¬ 
pathologic characteristics, including histology, gender, tobacco 
history, and tumor-node-metastasis pathologic stage using the 
expression score as a continuous variable. Using this type of 
analysis, adenocarcinoma histology also showed a statistically 


significant higher nuclear expression for all estrogen receptor 
a antibodies and for the estrogen receptor (3-2 antibody than 
squamous histology (Table 2). Of great interest was the fact that 
the NSCLC tissues obtained from females and never smokers 
showed statistically significant higher expression of nuclear estro¬ 
gen receptor a and (3 for several of the antibodies used (Table 2). 
No correlations between the expression of progesterone receptor 
and the clinicopathologic characteristics were found. 

We did overall survival and recurrence-free survival analyses 
to determine the expression of estrogen receptors and progester¬ 
one receptor for each antibody tested by using specimens from 
317 patients with NSCLC with a median follow-up of 6.1 years 
for overall survival and 4.2 years for recurrence-free survival. No 
association was detected between the expression of estrogen re¬ 
ceptor and progesterone receptor and overall survival. Of inter¬ 
est, any expression of cytoplasmic estrogen receptor a, using 
estrogen receptor a-4 antibody, and nuclear estrogen receptor 
(3, using the estrogen receptor (3-1 antibody, conferred to pa¬ 
tients a significantly worse recurrence-free survival in the uni¬ 
variate and multivariate analysis (Fig. 2; Table 3). However, 
only the cytoplasmic expression of estrogen receptor a-4 corre¬ 
lated with worse recurrence-free survival when dichotomized 
score was being used (hazard ratio, 1.77; 95% confidence inter¬ 
val, 1.11-2.81; P = 0.0156; Table 3). 

Correlation between estrogen receptor and progesterone receptor 
expression in NSCLC and tumor EGFR mutation status. Among 
182 adenocarcinoma cases, EGFR mutations of the tyrosine ki¬ 
nase domain (exons 18-21) were detected in 31 (17%) cases. 
Most (88%) EGFR mutations were detected in the exons 19 
and 21, and we did not find correlation between the location 
of the mutation and estrogen receptor a and (3 expression. We 
correlated the estrogen receptor and progesterone receptor 
scores and any expression (positive cases, score > 0) with EGFR 
mutation status. Interestingly, EGFR mutant adenocarcinomas 
showed statistically significant higher expression than wild-type 
tumors of nuclear estrogen receptor a, cytoplasmic estrogen 
receptor a, and nuclear estrogen receptor (3 when tested with 
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Fig. 1. Microphotographs showing representative examples of immunohistochemical expression of estrogen receptors a (A-C) and p ( D-F) and 
progesterone receptor (G-l) in tissue specimens of NSCLC tumors and bronchial epithelium {A, D and G) adjacent to adenocarcinomas. The two NSCLC 
histologies are represented: adenocarcinoma (B, Ean d H), and squamous cell carcinoma (C, F and /). For adenocarcinoma, we show examples of high and 
low percentage of malignant cells expressing estrogen receptors and progesterone receptor. Estrogen receptor a and p expressions are shown using 
antibodies estrogen receptors a-4 and p-1, respectively. Red and blue arrows, examples of nuclear expression and cytoplasmic expressions, respectively. 
Normal epithelia show nuclear expression of estrogen receptor p and progesterone receptor and cytoplasmic expression of estrogen receptor p. 
Adenocarcinomas show nuclear expression for all three markers and cytoplasmic staining for estrogen receptor p. Squamous cell carcinomas show 
nuclear staining for progesterone receptor and nuclear and cytoplasmic for estrogen receptor p. Original magnification, x200 for normal epithelium and 
x400 for tumors. 


antibodies estrogen receptor a-3, estrogen receptor a-4, and es¬ 
trogen receptor p-1, respectively (Table 4; Fig. 3). Because there 
was a higher incidence of EGFR mutation in lung adenocarcino¬ 
ma cases from patients with a history of never smoking, Asian 


ethnicity, or female characteristics (data not shown), we adjust¬ 
ed the effects of age, gender, smoking history, ethnicity, and 
pathologic stage in the correlation of estrogen receptor a and 
p with EGFR mutation status. After linear regression analysis. 


Table 2. Significant correlations between immunohistochemical expression of estrogen receptor and 
progesterone receptor and NSCLC patients' clinicopathologic features 


Estrogen receptor 

Histology 

Gender 

Tobacco history 

ADCA (n = 201)> 

SCC (n = 116) 

Female (n = 167) > 

Male (n = 150) 

Never (n = 54) > 
Ever (f? = 262) 

ERa-1 nucleus 

0.0048 

0.0051 

NS 

ERa-2 nucleus 

<0.0001 

0.0109 

0.0006 

ERa-3 nucleus 

0.0015 

NS 

0.0242 

ERa-4 nucleus 

0.0004 

0.0148 

0.0044 

ERp-1 nucleus 

NS 

NS 

0.0290 

ERp-2 nucleus 

0.0016 

0.044 

NS 


NOTE: Estrogen receptor and progesterone receptor were tested using expression score. 
Abbreviation: NS, not significant. 
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Table 3. Multivariate recurrence-free survival 
analysis using Cox regression model in NSCLC 
patients 

Variable HR 95% Cl of HR P 


Lower 

Upper 

limit 

limit 


ER as continuous variable 

ERa-4 cytoplasm 

1.05 

1.01 

1.08 

0.0068 

ER(3-1 nucleus 

1.01 

1.00 

1.02 

0.0034 

Stage II vs I 

1.90 

1.14 

3.18 

0.0145 

Stage III/IV vs I 

3.17 

1.98 

5.08 

<0.0001 

ER dichotomized 

ERa-4 cytoplasm: >0 vs 0 

1.77 

1.11 

2.81 

0.0156 

ER(3-1 nucleus: >0 vs 0 

1.36 

0.91 

2.05 

0.1388 

Stage II vs I 

1.79 

1.08 

2.99 

0.0250 

Stage III/IV vs I 

3.13 

1.97 

4.99 

<0.0001 


NOTE: With only significant covariates. 

Abbreviations: 95% Cl, 95% confidence interval; HR, hazard ratio. 


all the significant correlations remained statistically significant. 
There was no correlation between progesterone receptor expres¬ 
sion and EGFR mutation status. 

Estrogen receptor and progesterone receptor immunohisto- 
chemical expression in the lung respiratory airway adjacent to 
adenocarcinoma cases. To characterize the pattern of expres¬ 
sion of estrogen receptor and progesterone receptor in the res¬ 
piratory airway field in patients with lung cancer, we selected 64 
adenocarcinoma cases (35 females and 29 males; 19 never 
smoked, 13 current smokers, and 32 former smokers), and 
we studied the immunohistochemical expression of estrogen re¬ 
ceptor a and (3 and progesterone receptor in the respiratory cells 
lining the small bronchi (n = 35 cases), bronchioles (n = 83 
cases), and alveoli exhibiting type II cells hyperplastic changes 
(n = 15 cases) using the same semiquantitative scoring system 
used in the tissue microarrays. For estrogen receptors, we tested 
the estrogen receptor a-4 and estrogen receptor (3-1 antibodies. 
From each case, we used immunohistochemistry to examine 
whole tissue sections from a mean of three different paraffin 
blocks (range, 3-6) containing tumor and adjacent normal lung 
tissue. We found that estrogen receptor a was not expressed in 
the airway epithelium adjacent to lung adenocarcinomas, in¬ 
cluding epithelial samples from 21 positive tumors (Supple¬ 
mentary Table S5). In contrast, estrogen receptor (3 was 
widely expressed in the cytoplasm of respiratory cells: 91% of 
bronchi, 84% of bronchioles, and 29% of the hyperplastic al¬ 
veoli. Estrogen receptor |3 nuclear immunostaining was found 
less frequently: 5% of bronchi, 10% of bronchioles, and none 
of the hyperplastic alveolar cells. Noticeably, in the bronchial 
cells, we identified two patterns of cytoplasmic immunostain¬ 
ing: a homogeneous staining in all types of bronchial cells 
and heterogeneous staining comprising only ciliated cells with 
mainly supranuclear or apical expression (Fig. 1). Progesterone 
receptor was found in the nucleus of 56% of bronchi, 61% of 
bronchioles, and 33% of hyperplastic alveoli. Of interest, there 
was a high level of correlation (28 of 33 comparisons, 85%) 
between the expression of progesterone receptor in the normal 
epithelium and the corresponding tumors. Twenty (95%) of 21 
cases with progesterone receptor positive in the normal epithe¬ 


lium were detected in patients with tumors that also expressed 
this receptor. 

Discussion 

Estrogen receptors a and (3 frequently expressed in our 
NSCLC cases, and estrogen receptor a expression distinguished 
a subset of NSCLC that has defined clinicopathologic and ge¬ 
netic features. Although the immunohistochemical expression 
of estrogen receptors a and (3 has been reported in tumor tissue 
specimens from surgically resected NSCLCs, the data on the 
fraction of tumors expressing estrogen receptor are still contro¬ 
versial. Previous studies on estrogen receptor a immunohisto¬ 
chemical expression in formalin-fixed and paraffin-embedded 
NSCLC specimens using six different antibodies identified nu¬ 
clear expression in malignant cells in frequencies that ranged 
from none (10, 14) to 18% (26) and 38% (12). Similarly, in 
other studies, the frequency of estrogen receptor a cytoplasmic 
expression in NSCLC ranged from 0% to 3% (12, 26) to 35% 
(11) and 73% (27). In the current study, using four different 
commercially available estrogen receptor a antibodies, we also 
identified a wide range of percentages in the frequency of 
NSCLCs exhibiting any expression of estrogen receptor a in 
the nucleus (7-54%) and in the cytoplasm (0-42%) of tumor 
cells. However, in our study, when the scores of immunohisto¬ 
chemical expression were analyzed as continuous variables, all 
of the estrogen receptor a antibodies significantly correlated 
with each other at nuclear and cytoplasmic locations. 
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Fig. 2. Kaplan-Meier curves showing recurrence-free survival of NSCLC 
patients for estrogen receptor a cytoplasmic (A) and estrogen receptor |3 
nuclear (B) expression. 
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Table 4. Significant correlations between immunohistochemical expression of estrogen receptor and EGFR 
mutation status in adenocarcinoma 


ER expression by antibody 

EGFR mutation status 

P 

Wild-type, n positive/total (%) 

Mutant, n positive/total (%) 

ERo-3 nucleus 

9/146 (6) 

7/28 (25) 

0.0016 

ERo-3 cytoplasm 

68/146 (47) 

21/27 (78) 

0.0029 

ERd-4 nucleus 

50/143 (35) 

18/27 (67) 

0.0020 

ERd-4 cytoplasm 

20/143 (14) 

13/27 (48) 

<0.0001 

ER(3-1 nucleus 

70/145 (48) 

22/27 (82) 

0.00015 


NOTE: Estrogen receptor and progesterone receptor were tested using expression score. 


A similar situation is observed when the estrogen receptor (3 
immunohistochemical expression data are examined in NSCLC. 
Several previous studies, using six different antibodies, have re¬ 
ported frequencies of estrogen receptor (3 expression in tumors 
with a wide range of percentages at the nuclear location, 0% (9), 
34% to 47% (10, 12, 14), and 61% to 84% (9, 11), but not in 
the cytoplasm of malignant cells, wherein most of the studies 
have shown no reactivity (9, 10, 12, 14); some expression was 
seen in a small number of cases (6) or low frequency of expres¬ 
sion in a large number of cases (10%; ref. 11). In the present 
study, using two antibodies, any estrogen receptor (3 nuclear ex¬ 
pression was detected in about half (56% and 42%) of the 
NSCLCs, and cytoplasmic expression was found in a wider range 
(20-98%) of our cases. We do not have a definitive explanation 
to the high levels of expression of estrogen receptor p in NSCLC 
cells in our study and the discordance with previous reports. 
I Iowever, immunohistochemical analysis has shown the distri¬ 


bution of estrogen receptor p to be much more widespread than 
estrogen receptor a (28-30). Several studies have reported that 
estrogen receptor p immunohistochemical expression is fre¬ 
quently detected in the nucleus and cytoplasm of normal respi¬ 
ratory cells (28). Although expression has been questioned by 
suggestions that this observation is based on nonspecific bind¬ 
ing produced by unpurified antibodies (31), multiple reports 
have shown the presence of a nonnuclear pool of estrogen recep¬ 
tors in normal and malignant cells (32-35). Yang et al. (35) 
used one of the same estrogen receptor p antibodies that we 
used (estrogen receptor p-1) and showed mitochondrial locali¬ 
zation of this receptor in several normal human and murine 
cells, suggesting a role for estrogen receptor p receptor in the 
cytoplasm of cells. Our finding of high frequency of estrogen 
receptor p expression, using estrogen receptor p-1 antibody, in 
the cytoplasm of normal respiratory cells from our lung adeno¬ 
carcinoma patients are consistent with these findings. 
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Fig. 3. Representative examples of estrogen receptor a and p immunohistochemical expression (top figures) and EGFR mutations (bottom figures) in lung 
adenocarcinomas. A, estrogen receptor a (antibody estrogen receptor a-4) positive in the nucleus of malignant cells and sequencing chromatograms 
showing the presence of mutant form of EGFR (15-bp deletion in exon 19). Arrow, in-frame deletion mutation sequence. B, estrogen receptor p (antibody 
estrogen receptor p-1) positive in the nucleus of malignant cells and sequencing chromatograms showing the presence of mutant EGFR (L858R point 
mutation in exon 21). Arrow, CTG to CGG mutation. C, estrogen receptors a and p (same antibodies than as A and B) with negative expression in 
the malignant cells and sequencing chromatograms showing the presence of wild-type form of EGFR exon 19. Line, sequences 746 to 750. 
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Several discrepancies were observed when we compared our 
results with those published previously (6, 9, 10, 12) using the 
same antibodies, especially for estrogen receptor a. For exam¬ 
ple, our estrogen receptor a-3 antibody, raised against the 
COOH-terminus region of the protein, detected nuclear and 
cytoplasmic expressions in 54% and 42% of our NSCLC cases, 
respectively. Using this antibody, nuclear expression was re¬ 
ported in a small number of NSCLC tumors by Stabile et al. 
(6) and in none of the 130 tumors examined by Kawai et al. 
(10). At the cytoplasmic location of malignant cells, both stud¬ 
ies reported positive immunostaining (6, 10), with up to 73% 
of cases in the study done by Kawai et al. (10). 

Why these inconsistent results on the immunohistochemical 
expression of estrogen receptor a and (3 occur raises a very im¬ 
portant question. Clearly, the reasons for the inconsistent re¬ 
sults include the use of different antibodies manufactured 
from different clones and by different companies. Indeed, some 
of these antibodies have been made against different parts of 
the protein: full length, NI I 2 -terminus, and COOII-terminus re¬ 
gions. It has been shown that several mRNA splicing variants of 
estrogen receptor a have been detected in lung cancer cell lines, 
and antibodies raised against epitopes in the deleted exons of 
estrogen receptor may give conflicting results (6). Although a 
number of estrogen receptor a mRNA variants have been re¬ 
ported, in most cases, wild-type mRNA estrogen receptor a is 
coexpressed along with splicing variants (36). In our study, 
we identified a high level of discordance in the frequency and 
location in the malignant cells of the expression of estrogen re¬ 
ceptor a and estrogen receptor (3 antibodies examined. By ex¬ 
amining NSCLC cell lines using immunohistochemistry and 
Western blot, we did not find correlation between the patterns 
of immunostaining (nuclear versus cytoplasmic) and the ex¬ 
pression protein isoforms. In addition, it is important to note 
that there are multiple criteria reported to assess estrogen recep¬ 
tor a and (3 positivity in NSCLC tissues. Although most studies 
considered different expression intensity levels (usually a scale 
0-3+) at nuclear and cytoplasmic locations combined with the 
percentage of malignant cells expressing a given intensity, the 
cutoff levels of expression vary significantly between studies 
(e.g., 1+ in >10% of cells; 1+ in 1-25% of cells; >50% of cells; 
score 0-8, etc.; refs. 6, 9-12, 14, 26). 

Because there were different levels of estrogen receptor a and 
(3 immunohistochemical expression detected using different 
antibodies in ours and the previous studies (6, 9-12, 14, 26), 
we correlated the expression of estrogen receptor using all of the 
antibodies we tested with the patients' clinicopathologic fea¬ 
tures and the tumors' EGFR mutation status. The evaluation 
of multiple antibodies for estrogen receptor expression adds 
strength to our findings. In our study, we analyzed the immu¬ 
nohistochemical scores as continuous and dichotomized 
variables, and a significantly higher expression of nuclear estro¬ 
gen receptor a was detected with all four antibodies tested in 
adenocarcinoma than squamous cell carcinoma histology, three 
of the four antibodies tested in tumors obtained from females 
compared with males and from people who had never smoked 
compared with smokers. The biological implication of the large 
range of positive lung cancer cells for estrogen receptor and pro¬ 
gesterone receptor is unknown. The cutoff that we selected 
(positive, >0) to study correlation with clinicopathologic fea¬ 
tures was based in the fact that a large number of tumors 
showed low percentage of malignant cells expressing these re¬ 


ceptors. The two previous studies reporting estrogen receptor a 
nuclear expression in NSCLC, which examined a relatively 
large series of cases, did not address differences of expression 
based on histology types or patients' clinicopathologic fea¬ 
tures (12, 26). In the NSCLC tissues that we reviewed, higher 
expression of estrogen receptor (3 correlated significantly with 
tumor adenocarcinoma histology and the patients' female sex 
for estrogen receptor (3-1 antibody and correlated with the 
patients' history of never smoking with the estrogen receptor 
(3-2 antibody. 

Few studies have shown inconsistent results on whether es¬ 
trogen receptor expression is biased to any sex using different 
types of specimens and assays (6-9). Schwartz et al. (9), using 
a different antibody than ours, reported that NSCLCs obtained 
from females were 46% less likely to have estrogen receptor (3- 
positive tumors than males in a multivariate analysis. In addi¬ 
tion, mRNA expression of estrogen receptor a has been 
reported to be significantly higher in lung tumors from women 
than from men (8). In a small number of NSCLC tumor tissue 
specimens, estrogen receptor a and (3 gene transcripts have 
been found to be expressed in similar levels when comparing 
samples obtained from females and males (7). Adenocarcino¬ 
ma of the lung, which shows a weaker association with tobacco 
smoking than with other types of lung cancer, is also found pre¬ 
dominantly in women, suggesting a possible role for female 
hormones in the pathogenesis of this type of lung cancer (5). 

In previous studies, estrogen receptor (3 expression in 
NSCLC tumors has been associated with improved survival 
(9-11), whereas the immunohistochemical expression of es¬ 
trogen receptor a has been shown to be a poor prognostic fac¬ 
tor (9). Thus, both estrogen receptors have been proposed to 
play opposite roles in cell proliferation, with estrogen receptor 
a promoting proliferation and estrogen receptor (3 having an 
antiproliferative effect (37, 38). In our study, we did not find 
a correlation between overall survival and recurrence-free sur¬ 
vival and estrogen receptor (3 expression, but we did find that 
only the expression of cytoplasmic estrogen receptor a (using 
one antibody) conferred to patients a significantly worse re¬ 
currence-free survival, but not overall survival, in multivariate 
analysis. 

Several studies have shown that estrogen signaling plays a 
role in the development of the epithelium in the lung and 
that estrogen could potentially promote lung cancer (6, 7, 
13, 16, 17). In addition, antiestrogen drugs have been sug¬ 
gested to have a role in the therapy of lung cancer (6, 19). 
NSCLC cell lines and in vivo tumor xenografts have been 
shown to respond to estrogens, and tumor growth can be in¬ 
hibited up to 40% by the antiestrogen fulvestrant (6). In the 
past few years, significant advances have been made in the de¬ 
velopment of new molecularly targeted agents for lung cancer 
(39). The identification of the subset of patients with NSCLC 
who will benefit with targeted therapy is a key element in the 
development of personalized treatment approaches in this dis¬ 
ease. A pilot study on combined therapy using fulvestrant and 
gefitinib in advanced NSCLC has shown to be well tolerated 
and has shown some tumor responses (40). Our study results 
strongly suggest that NSCLC tumors obtained from patients 
with adenocarcinoma histology, female gender, and history 
of never smoking have a higher chance of expressing estrogen 
receptors and have the potential to respond positively to anti¬ 
estrogen therapy. 
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While our manuscript was under review, Nose et al. (41), us¬ 
ing one antibody against estrogen receptor a (same antibody as 
our estrogen receptor a-3) and estrogen receptor (3 (same anti¬ 
body as our estrogen receptor (3-1), reported in 447 surgically 
resected lung adenocarcinomas (stages I-IV) from Japanese pa¬ 
tients that estrogen receptor (3 nuclear expression was signifi¬ 
cantly (P < 0.001) higher in tumors with EGFR mutation. 
They also reported that estrogen receptor (3 nuclear expression 
correlated with increasing disease-free survival (hazard ratio, 
2.18; 95% confidence interval, 1.18-4.06; P = 0.014) in the pa¬ 
tients with EGFR mutant tumors. Although, in this study, a dif¬ 
ferent scoring system was used to asses estrogen receptor 
immunohistochemical expression and the expression of estro¬ 
gen receptors a and (3 in the malignant cells was reported at 
cytoplamic and nuclear levels only, respectively, the finding 
of significant correlation of estrogen receptor (3 nuclear expres¬ 
sion with EGFR mutation in lung adenocarcinoma agrees with 
our findings. Thus, our study is the first to report an association 
between EGFR mutation and estrogen receptor a expression in 
lung adenocarcinomas. Importantly, we have shown that the 
correlation between estrogen receptor expression and EGFR 
mutation is independent of the clinicopathologic features asso¬ 
ciated with both abnormalities, such as adenocarcinoma histol¬ 
ogy, female gender, and history of never smoking (42). Based on 
the interactions between estrogen receptor and EGFR-signaling 
pathways, there is evidence showing that targeting both path¬ 
ways by using antiestrogens (fulvestrant) and EGFR tyrosine 
kinase inhibitors (gefitinib), the antitumor effect in in vitro 
and in vivo lung cancer models of the drug combination is higher 
than in treatment with each drug alone (19). Thus, our findings 
of an association between the activation of both pathways fur¬ 
ther strengthens the concept of combined antiestrogen and 
EGFR inhibitor therapy for a selected group of patients with lung 
adenocarcinoma. 

Although progesterone receptor expression has been reported 
to be present in NSCLC cell lines and tumor specimens, the 
data are controversial like those for estrogen receptors (11, 
12, 15, 43, 44). Of four studies reporting on immunohisto¬ 
chemical expression of progesterone receptor in surgical 
resected and formalin-fixed NSCLC tissue specimens using dif¬ 
ferent antibodies, there were two studies that reported a rela¬ 
tively high frequency of progesterone receptor expression in 
tumors (39% and 47%; refs. 12, 15); the remaining two reports 
showed no expression (11, 44). In the present study, progester¬ 
one receptor was frequently (63%) detected in the nuclei of ma¬ 
lignant NSCLC, with a trend to higher expression in squamous 
cell carcinoma histology. We did not find a correlation between 
progesterone receptor and any of the clinicopathologic charac¬ 


teristics we studied, including survival. In contrast, Ishibashi 
et al. (12) reported that progesterone receptor immunohisto¬ 
chemical expression was higher in NSCLCs obtained from 
females and correlated with better overall survival in stages I 
to III tumors. In breast cancer, transcription of the progesterone 
receptor gene is well known to be regulated by estrogenic ac¬ 
tions through estrogen receptors, and a positive progesterone 
receptor status is generally regarded as one of the markers of 
functional estrogenic pathways. In our study, we found no sta¬ 
tistical correlation between progesterone receptor and any of 
the estrogen receptor antibodies studied. In vitro and in vivo 
studies have shown that administration of progesterone inhi¬ 
bits the growth of progesterone receptor-positive NSCLC cell 
lines, which is similar to what has been shown to happen in 
breast and endometrial carcinomas (12). 

Lung cancer is believed to develop from a series of preneo¬ 
plastic lesions in the respiratory mucosa, and these abnormalities 
are frequently extensive and multifocal throughout the respirato¬ 
ry epithelium, indicating a field-effect or field-cancerization 
phenomenon (45). Our findings of relatively frequent expression 
of nuclear progesterone receptor and lack of expression of estro¬ 
gen receptor a in the normal epithelium adjacent to adenocarci¬ 
nomas expressing these receptors suggest that progesterone 
receptor, but not estrogen receptor a expression, may represent 
a field-effect phenomenon. Of interest, all but one case with 
normal epithelium expression of progesterone receptor showed 
expression of this receptor in the corresponding tumor. The fre¬ 
quent finding of cytoplasmic estrogen receptor (3 in normal 
epithelium may represent a constitutive expression in normal 
respiratory cells and is probably not related to the carcinogenesis 
process (35). 

In summary, our findings show that estrogen receptors a 
and (3 and progesterone receptor are frequently expressed in 
NSCLC, and estrogen receptor expression distinguishes a sub¬ 
set of NSCLC that has defined clinicopathologic and genetic 
features. In our study, there is a bias toward early stages of 
lung cancer because we examined surgically resected tumors, 
being most (98%) of them stages I to III. The frequency of 
estrogen receptor and progesterone receptor expression in ad¬ 
vanced metastatic tumors need to be further examined. The 
correlation between estrogen receptor and EGFR mutation in 
lung adenocarcinoma suggests that it might be important to 
target both pathways simultaneously for lung cancer chemo- 
prevention and therapy. 
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HER Family Receptor Abnormalities in Lung Cancer Brain 
Metastases and Corresponding Primary Tumors 

Menghong Sun , 1 Carmen Behrens , 2 Lei Feng , 3 Natalie Ozburn , 1 Ximing Tang , 2 
Guosheng Yin , 3 Ritsuko Komaki , 4 Marileila Varella-Garcia , 5 Waun Ki Hong , 2 
Kenneth D. Aldape , 1 and Ignacio I. Wistuba 1 ' 2 


Abstract Purpose: To compare the characteristics of deregulation of HER receptors and their ligands 
between primary tumor and corresponding brain metastases of non-small cell lung carcinoma 
(NSCLC). 

Experimental Design: Fifty-five NSCLC primary tumors and corresponding brain metastases 
specimens were examined for the immunohistochemical expression of epidermal growth factor 
receptor (EGFR), phosphorylated EGFR, Her2, Her3, and phosphorylated Her3, and their ligands 
EGF, transforming growth factor-a, amphiregulin, epiregulin, betacellulin, heparin-binding 
EGFR-like growth factor, neuregulin (NRG) 1, and NRG2. Analysis of EGFR copy number using 
fluorescence in situ hybridization and mutation by PCR-based sequencing was also done. 
Results: Metastases showed significantly higher immunohistochemical expression of EGF 
(membrane: brain metastases 66.0 versus primary tumors 48.5; P = 0.027; nucleus: brain 
metastases 92.2 versus 67.4; P = 0.008), amphiregulin (nucleus: brain metastases 53.7 versus 
primary tumors 33.7; P = 0.019), phosphorylated EGFR (membrane: brain metastases 161.5 
versus primary tumors 76.0; P < 0.0001; cytoplasm: brain metastases 101.5 versus primary tumors 
55.9; P = 0.014), and phosphorylated Her3 (membrane: brain metastases 25.0 versus primary 
tumors 3.7; P = 0.001) than primary tumors did. Primary tumors showed significantly higher 
expression of cytoplasmic transforming growth factor-a(primary tumors 149.8 versus brain 
metastases 111.3; P = 0.008) and NRG1 (primary tumors 158.5 versus brain metastases 122.8; 
P = 0.006). In adenocarcinomas, a similar high frequency of EGFR copy number gain (high 
polysomy and amplification) was detected in primary (65%) and brain metastasis (63%) sites. 
However, adenocarcinoma metastases (30%) showed higher frequency of EGFR amplification 
than corresponding primary tumors (10%). Patients whose primary tumors showed EGFR 
amplification tended to develop brain metastases at an earlier time point. 

Conclusions: Our findings suggest that NSCLC brain metastases have some significant 
differences in HER family receptor-related abnormalities from primary lung tumors. 


Lung cancer is the leading cause of cancer-related deaths in the 
United States (1). Lung cancer includes several histologic types, 
the most frequently occurring of which (— 80%) are two types 
of non-small cell lung carcinoma (NSCLC): adenocarcinoma 


Authors'Affiliations: Departments of Yathology, 2 Thoracic/Head and Neck 
Medical Oncology, 3 Biostatistics, and 4 Radiation Oncology,The University ofTexas 
M. D. Anderson Cancer Center, Houston, Texas and department of Medicine/ 
Medical Oncology and Pathology, University of Colorado Cancer Center, Aurora, 
Colorado 

Received 11/11/08: revised 3/24/09; accepted 4/7/09; published Online First 7/21/09. 
Grant support: Department of Defense grant W81XWH-05-0027. 

The costs of publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked advertisement in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 

Note: Supplementary data for this article are available at Clinical Cancer Research 
Online (http://clincancerres.aacrjournals.org/). 

Requests for reprints: Ignacio I. Wistuba, Department of Pathology, Unit 85,The 
University ofTexas M. D. Anderson Cancer Center, 1515 Holcombe Boulevard, 
Houston,TX 77030-4009. Phone: 713-563-9184; Fax: 713-792-0309; E-mail: 
iiwistuba (fflmdanderson.org. 

©2009 American Association for Cancer Research, 
doi :10.1158/1078-0432. CCR-08-2921 


and squamous cell carcinoma (1). The brain is one of the main 
sites of metastasis in patients with lung cancer: brain metastasis 
has an incidence of up to 60% in patients with lung 
adenocarcinoma (2-5). The median survival for lung cancer 
patients with brain metastasis is usually 3 to 6 months (5, 6). 
The use of systemic chemotherapy and cranial irradiation is 
unsuccessful in the treatment of NSCLC brain metastasis (2, 7), 
and this in turn has motivated the search for new therapeutic 
strategies for this disease. 

During the past few years, significant advances have been 
made in the development of new molecularly targeted agents 
for lung cancer (8). One example of such targets is the 
epidermal growth factor receptor (EGFR) that belongs to the 
HER family tyrosine kinase (TK) receptors composed of four 
homologous cell membrane receptors, including Her2 and 
Her3 (9). These three receptors are activated by nine known 
ligands, including EGF, transforming growth factor-a (TGF-a), 
amphiregulin, epiregulin, betacellulin, heparin-binding EGFR- 
like growth factor (LIB-EGF), neuregulin (NRG) 1, and NRG2 
(10-12). Deregulation of HER receptors, especially EGFR, 
seems to play an important role in the pathogenesis and 
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Translational Relevance 

Brain metastasis occurs in up to 60% of non-small cell 
lung carcinomas, and there is little information on the 
molecular differences between primary tumor and 
metastases. Our findings indicate that non - small cell lung 
carcinoma brain metastases have some significant 
differences in HER family receptor-related abnormalities 
from primary lung tumors. These differences could be 
related to tumor progression and may cause diverse 
responses to epidermal growth factor receptor and other 
HER receptor-targeted therapy of primary and metastatic 
tumor sites. 


progression of NSCLC (13). In lung cancer cells, the 
constitutive activation of EGFR is achieved by several mecha¬ 
nisms, including increased production of ligands, increased 
levels of the receptor, and mutation of EGFR (13-15). 

Small-molecule inhibitors that target the TK domain of the 
EGFR produce tumor responses in ~ 10% of patients with 
advanced NSCLC that has progressed despite prior chemother¬ 
apy (13, 16). However, the brain is still a frequent site of 
disease recurrence in NSCLC patients after an initial response to 
treatment with EGFR TK inhibitors (TKI), regardless of disease 
control in the lungs (3). Activating mutations in the EGFR TK 
domain, an increased EGFR copy number, and increased EGFR 
protein expression have been associated with a favorable 
response to treatment with EGFR TKIs (13, 16). Previous 
reports showed that metastatic NSCLC brain tumors respond to 
EGFR TKIs (17, 18). However, it is still unclear whether the 
abnormalities of EGFR and its related receptors differ in 
metastases compared with primary NSCLC tumors. 

The identification of differences in the deregulation of 
HER ligands and receptors in NSCLC primary tumors and 
corresponding metastases may explain differences in the 
response to HER receptor-targeted therapy in this tumor type, 
and these differences need to be considered in the analysis of 
predictive biomarker used in clinical trials. In the present study, 
we investigated the immunohistochemical expression of three 
HER receptors (EGFR, Her2, and Her3) implicated in the 
pathogenesis of NSCLC cancer and eight of their nine known 
ligands (EGF, TGF-a, amphiregulin, epiregulin, betacellulin, 
ITB-EGF, NRG1, and NRG2) in 55 paired primary and brain 
metastasis NSCLCs. In addition, we compared EGFR copy 
number and mutation abnormalities using fluorescence in situ 
hybridization (FISH) and PCR-based sequencing analyses, 
respectively. 

Materials and Methods 

NSCLC tissue specimens. We obtained archived formalin-fixed 
paraffin-embedded material from surgically resected specimens from 
55 NSCLC patients with primary lung cancers and corresponding brain 
metastases containing tumor tissues and collected between 1988 and 
2002. These cases were selected based on the availability of enough 
archival tissue for the immunohistochemistry and FISH analyses. All 
specimens were from the lung cancer tissue bank at The University of 
Texas M. D. Anderson Cancer Center, which is approved by the M. D. 
Anderson institutional review board. After histologic examination, 


tissue microarrays were constructed using three 1-mm-diameter cores 
per tumor. 

Detailed clinical and pathologic information, including demo¬ 
graphic, pathologic tumor-node-metastasis staging, overall survival, 
and time of brain metastasis occurrence, was obtained for all patients 
(Table 1). Pathologic tumor-node-metastasis stage had been deter¬ 
mined for lung cancers according to the revised International System 
for Staging Lung Cancer (19) at time of primary tumor surgery with 
curative intent. In all cases, the NSCLC brain metastases were solitary, 
and 11 patients also developed metastases at other brain sites over a 
median period of 12 mo (range, <1-27 mo). Forty-four (80%) of 55 
patients developed clinically detectable brain metastases after primary 
lung cancer surgical resection (metachronous tumors; median, 13 mo; 
range, <1-94 mo); in 11 (20%) patients, the brain metastases were 
detected at the same time as the lung tumors (synchronous tumors), 
and they were surgically removed before (median, <1 mo range, <1-11 
mo) the primary lung cancer surgery. 

Immunohistochemical staining and evaluation. For our analysis, 
antibodies against the following proteins were purchased and used: EGF 
(dilution, 1:50; EMD Biosciences), amphiregulin (dilution, 1:150; Lab 
Vision), TGF-a (dilution, 1:150; EMD Biosciences), epiregulin (dilution, 
1:10; R&D Systems), betacellulin (dilution, 1:10; R&D Systems), HB-EGF 
(dilution, 1:10; R&D Systems), NRG1 (dilution, 1:10; R&D Systems), 
NRG2 (dilution, 1:50; Abeam, Inc.), EGFR (clone 31G7; dilution, 1:100; 
Zymed), p-EGFR Tyr 1086 (dilution, 1:100; Invitrogen), Her2 (dilution, 
1:100; Dako), Her3 (dilution, 1:50; GenTex), and phosphorylated Her3 
(p-Her3; dilution, 1:100; Cell Signaling). Immunohistochemical 
staining was done using 5-gm-thick tissue microarray histologic 
sections as previously described (20). The immunohistochemical 
protein expression was quantified, using white light microscopy with 
X20 magnification, by two experienced thoracic pathologists (M.S. 
and I.I.W.) blinded to clinical and other molecular variables. All 
markers were examined for membrane, cytoplasm, and nucleus 
localization in tumor cells. As previously described (21-23), 
immunohistochemical expression was quantified using a three-value 
intensity score (0, 1+, 2+, and 3+) for all markers, except for 
membrane EGFR and phosphorylated EGFR (p-EGFR), for which a 
four-value intensity score (0, 1+, 2+, 3+, and 4+) and the percentage 
(0-100%) of the extent of reactivity were used. Next, expression scores 


Table 1. Summary of clinicopathologic features of 
55 NSCLC patients with primary tumors and 
corresponding brain metastases 

Characteristic 

Number 

°/o 

Tumor histology 



Adenocarcinoma 

40 

73 

Squamous cell carcinoma 

13 

23 

Large cell carcinoma 

1 

2 

Adenosquamous carcinoma 

1 

2 

Age (y) 



<60 

30 

55 

>60 

25 

45 

Gender 



Female 

19 

35 

Male 

36 

65 

Pathologic stage* 



I 

13 

24 

II 

10 

18 

III 

18 

33 

IV t 

14 

25 

* The staging was done at time of surgical resection of the primary 

lung tumor. 



t In 11 cases, the brain metastases were surgically 

removed 

before the primary tumor. 
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Fig. 1 . Representative microphotographs 
of immunohistochemical expression 
of EGFR and p-EGFR and the ligands 
amphiregulin,TGF-a, and NRG1 in primary 
tumors and corresponding brain 
metastases. Magnification, x400. 

All markers showed protein expression 
{brown staining) in tumor cells from primary 
and/or metastasis sites at the membrane 
and cytoplasm levels. Amphiregulin showed 
also nuclear expression in malignant cells. 
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were obtained by multiplying the intensity and reactivity extension 
values (range, 0-300 for all markers, except for membrane EGFR and 
p-EGFR with a range of 0-400). For each case of primary tumor and 
metastasis, the immunohistochemical expression of the markers was 
averaged using the cores available per tumor site. 

EGFR FISH analysis. We analyzed the gene copy number per cell 
using the LSI EGFR SpectrumOrange/CEP 7 SpectrumGreen Probe 


(Abbott Molecular), as previously described (24, 25). Tumor specimens 
were classified into six FISH strata according to the frequency of cells 
with each EGFR gene copy number and referred to the chromosome 
7 centromere, as follows: (a) disomy (3 or 4 copies in <10% of cells), 
( b ) low trisomy (3 copies in 10% to <40% of cells and 4 copies in <10% 
of cells), (c) high trisomy (3 copies in >40% of cells and 4 copies in 
<10% of cells), ( d ) low polysomy (4 copies in 10% to <40% of cells), 
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Fig. 2. Box plots showing scores of 
immunohistochemical expression of 
p-EGFR,TGF-a, p-Her3, and NRG1 
markers comparing primary tumors with 
corresponding brain metastases. P values 
comparing primary tumors and brain 
metastasis are shown for all comparisons. 
Bars, median; x, mean score. 


(e) high polysomy (>4 copies in >40% of cells), and (f) gene 
amplification (presence of loose or tight EGFR gene clusters with >4 
copies, EGFR gene to CEP 7 ratio >2, or 15 copies of EGFR per cell in 
>10% of cells). The high polysomy and gene amplification categories 
were considered to indicate high EGFR copy number [EGFR FISH 
positive), and the other categories were considered to indicate no 
significant increase in the EGFR copy number (EGFR FISH negative), as 
previously described (24, 25). For each case of primary tumor and 
metastasis, the FISH EGFR copy number was quantified by counting 
cells representing each core available per tumor site. 

EGFR mutation analysis. Exons 18 to 21 of EGFR were PCR 
amplified using intron-based primers as previously described (26). 
Approximately 200 microdissected formalin-fixed paraffin-embedded 
cells were used for each PCR amplification. All PCR products were 
directly sequenced using the Applied Biosystems Prism dye terminator 
cycle sequencing method. All sequence variants were confirmed by 
independent PCR amplifications from at least two independent 
microdissections and DNA extraction, and the variants were sequenced 
in both directions, as previously reported (26). 

Statistical analysis. Data were summarized using standard descrip¬ 
tive statistics and frequency tabulations. Associations between the 
marker expression and patients' clinical demographic variables, 
including age, sex, histology type, and pathologic stage, were assessed 
using appropriate methods, including the x 2 test or Fisher's exact test 
for categorical variables and the Wilcoxon rank sum test or the Kruskal- 
Wallis test for continuous variables. The Wilcoxon signed rank test was 
used to test the differences in biomarker expression between primary 
lung tumors and brain metastases. Cox proportional hazard models 
were used for univariate analysis of time to metastasis according to 
biomarker expression. Hazard ratios (HR) with 95% confidence 
intervals (95% Cl) and P values are reported. All tests were two sided. 
P values <0.05 were considered to indicate statistical significance. 

Results 

Immunohistochemical expression of HER receptors and ligands 
in NSC.I.C primary tumors and corresponding brain metastases. 


Most markers, including the ligands EGF, amphiregulin, TGF-a, 
epiregulin, betacellulin, NRG1, and NRG2 and the receptors 
EGFR, p-EGFR, Her2, Her3, and p-FIer3, showed protein 
expression in tumor cells from primary and metastasis sites at 
the membrane and cytoplasm levels (Fig. 1; Supplementary 
Table SI). Of those, EGF, amphiregulin, epiregulin, NRG1, 
NRG2, p-EGFR, and p-Her3 showed also nuclear expression 
in malignant cells (Fig. 1; Supplementary Fig. SI). The ligand 
IIB-EGFR expressed only in the cytoplasm of cancer cells. 
Although showing overlapping, brain metastases had signifi¬ 
cantly higher immunohistochemical expression scores of 
EGF (membrane: metastasis 66.0 versus primary 48.5; 
P = 0.027; nucleus: metastasis 92.2 versus primary 67.4; 
P = 0.008), amphiregulin (nucleus: metastasis 55.4 versus 
primary 33.7; P = 0.019), p-EGFR (membrane: metastasis 

161.5 versus primary 76.0; P < 0.0001; cytoplasm: metastasis 

101.5 versus primary 55.9; P = 0.014), and p-Her3 (membrane: 
metastasis 25.0 versus primary 3.7; P = 0.001) than did 
corresponding primary tumors (Fig. 2; Supplementary Table 
SI). Only the protein expression score of TGF-a (primary 
149.8 versus metastasis 111.3; P = 0.008) and NRG1 (primary 

158.5 versus metastasis 122.8; P = 0.006) at the cytoplasmic 
level was significantly higher in malignant cells from primary 
tumors than in brain metastasis cells (Fig. 2; Supplementary 
Table SI). 

EGFR copy number analysis by FISH in NSCLC primary tumors 
and corresponding brain metastases. Overall, the presence of 
high frequency of gain in EGFR copy number (FISF1 positive: 
high polysomy and amplification; Fig. 3) was similar in NSCLC 
primary (34 of 55, 62%) and brain metastasis (35 of 55, 64%) 
sites (Table 2). Although a relatively lower frequency of 
high polysomy was detected in metastases than in primary 
tumors (33% versus 47%), brain metastases showed a nonsig¬ 
nificant higher frequency of EGFR amplification than 
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corresponding primary tumors did (31% versus 15%; 
P = 0.53). In adenocarcinomas (n = 40 cases), a similar 
frequency of gain in EGFR copy number was detected in primary 
tumors (65%) and corresponding metastases (63%). However, 
brain metastases of lung adenocarcinoma showed a nonsignif¬ 
icant higher frequency of EGFR amplification than primary lung 
tumors (30% versus 10%; P = 0.53). Although a higher 
frequency in EGFR copy number gain was detected in brain 
metastases (62%) than primary tumors (46%) among squamous 
cell carcinomas (Table 2), the data were difficult to interpret 
because of the small number of cases available for analysis. 
The concordance of EGFR copy number abnormalities between 
both tumor sites was higher for the cases with primary and 


metastasis tumors clinically detected as synchronous lesions 
(11 of 11, 100%) than those diagnosed as metachronous tumors 
(34 of 44, 77%). 

A relatively high level of concordance (46 of 55, 84%) for 
gain in EGFR copy number gain was found between primary 
tumors and metastases (Supplementary Table S2). Sixteen 
(29%) paired primary/metastasis cases were EGFR FISH 
negative in both sites, whereas 30 (55%) paired cases showed 
gain in EGFR copy number at both tumor sites. Discordance in 
EGFR copy number status was detected in nine cases (16%); in 
six of these, brain metastasis sites had a gain in copy number, 
whereas primary tumors were FISH negative. The levels of 
concordance for high polysomy (15 of 30, 50%) and 


Fig. 3. Representative microphotographs 
of FISH showing EGFR copy number in 
primary tumors {PT) and corresponding 
brain metastases ( BM ). Magnification, 
x 1,000. Red signals {redarrows) represent 
EGFR gene copies and green signals 
{white arrows) represent the chromosome 
7 centromere probe. Cell nuclei stained blue 
with 4 , ,6-diamidino-2-phenylindole. High 
polysomy is defined by >4 copies in >40% 
of cells, and gene amplification by the 
presence of loose or tight EGFR gene 
clusters and a ratio of EGFR gene to 
chromosome of 2 or 15 copies of EGFR per 
cell in 10% of the analyzed cells. 
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Table 2. EGFR copy number by FISH in 55 NSCLC primary and corresponding brain 
histology 

metastases by tumor 

Copy number categories 

Adenocarcinoma (n = 40) 

Squamous cell carcinoma (n = 13) 

Total (/V = 55)* 

Primary 

Metastasis 

Primary 

Metastasis 

Primary 

Metastasis 

n (%) 

n (%) 

n (%) 

n (%) 

n (%) 

n (%) 

FISH negative 

14 (35) 

15 (37) 

7 (54) 

5 (38) 

21 (40) 

20 (36) 

Disomy 

1 (3) 

2(5) 

0(0) 

0 (0) 

1 (2) 

2 (4) 

Trisomy 

2(5) 

2(5) 

1 (8) 

0(0) 

3(6) 

2(4) 

Low polysomy 

11 (28) 

11 (27) 

6 (46) 

5 (39) 

17(31) 

16(29) 

FISH positive 

26 (65) 

25 (63) 

6 (46) 

8(62) 

34 (62) 

35 (64) 

High polysomy 

22 (55) 

13 (33) 

2(15) 

5(39) 

26 (47) 

18 (33) 

Amplification 

4(10) 

12 (30) 

4(31) 

3(23) 

8(15) 

17(31) 


*One adenosquamous carcinoma and one large cell carcinoma showed EGFR high polysomy in the primary tumors and amplification in the brain 
metastasis specimen. 


amplification (6 of 18, 33%) were low when primary tumors 
and corresponding brain metastases were compared. To assess 
heterogeneity in EGFR copy number abnormalities in the 
different cores examined per tumor sample, we examined in 
paired primary tumors and metastases from 14 cases the level 
of concordance between the level of the most advanced gene 
copy number abnormality detected in all cores examined per 
tumor site. In primary tumors, the concordance was 100% 
(22 comparisons), and in the brain metastases was 90% (27 of 
30 comparisons). 

Two consecutive brain metastasis samples were available for 
analysis from each of five adenocarcinoma cases. The length of 
time between the consecutive brain metastasis was 1, 6, 10, 16, 
and 31 months. In all comparisons, paired consecutive brain 
metastasis specimens showed identical EGFR copy number 
status. One pair was FISH negative and the other four were 
FISII positive. FISI I-positive specimens included two pairs 
showing EGFR high polysomy and two showing gene 
amplification. 

We correlated EGFR copy number status with the immuno- 
histochemical expression of the markers at both tumor sites. 
The only associations detected were that EGFR FISI I-positive 
primary tumors and brain metastases showed significantly 
higher protein expression scores of nuclear p-EGFR (P = 0.018) 
and cytoplasmic FIer2 (P = 0.015) than FISFI-negative tumors. 
In contrast, FISFI-positive tumors showed lower expression of 
betacellulin (P = 0.0293) than FISH-negative tumors. 

EGFR mutations in NSCLC primary tumors and corresponding 
brain metastases. We successfully amplified and sequenced 
DNA obtained from primary tumors and metastases samples 
from 42 cases, including 30 adenocarcinomas, for exons 19 and 
21 of EGFR , which harbor >90% of TK activating mutations of the 
gene (27). We detected only one case with EGFR mutation (exon 
19, point mutation ITA2239-2240CCA, Leu747Pro), which was 
present in both sites, primary and metastasis, in adenocarcinoma 
obtained from a patient female and never smoker. 

Correlation between immunohistochemical expression 
of markers and EGFR copy number and time to brain 
metastasis. We investigated the correlation between the 
immunohistochemical expression of the markers examined 
and EGFR copy number abnormalities in primary lung tumors 
and the time to brain metastasis development. In this analysis, 
we included only the 44 patients whose brain metastases were 


diagnosed after surgical resection of the primary tumor. Overall, 
the median time to brain metastasis for all 44 patients was 1.23 
years (95% Cl, 0.89-1.62 years). The median time to brain 
metastasis development for patients with adenocarcinoma was 
1.43 years (95% Cl, 0.96-2.04 years) and that for patients with 
squamous cell carcinoma was 0.89 years (95% Cl, 0.63 to not 
available). Using the Cox proportional hazard regression 
models, we identified that adenocarcinoma, compared with 
squamous cell carcinoma, was significantly correlated with a 
longer time to brain metastasis occurrence (P = 0.009; HR, 0.347; 
95% Cl, 0.157-0.769), whereas EGFR membrane protein 
expression scores (P = 0.025; HR, 1.003; 95% Cl, 1.000-1.006) 
and EGFR amplification (versus no amplification) (P = 0.0039; 
HR, 3.492; 95% Cl, 1.494-8.162) were significantly correlated 
with a shorter time to brain metastasis development. None of 
these markers was shown in the multivariate analysis to be 
statistically significant predictors of metastasis development. 
I Iowever, in the multivariate analysis, when we analyzed time 
to brain metastasis development in the subset of 39 patients 
who developed a single brain metastasis (excluding the 5 
patients who developed two consecutive metastases in the 
brain) after primary tumor diagnosis, we found that adenocar¬ 
cinoma, compared with squamous cell carcinoma, was 
significantly correlated with a longer time to brain metastasis 
occurrence (P = 0.031; HR, 0.373; 95% Cl, 0.152-0.917). In 
contrast, EGFR amplification (versus no amplification) was 
significantly correlated (P = 0.0033; HR, 4.452; 95% Cl, 1.645- 
12.053) with a shorter time to brain metastasis development. 

Discussion 

In NSCLC, overexpression and activation of EGFR, I ler2, and 
IIer3 are well-known phenomena (9, 13). However, to the best 
of our knowledge, the overexpression of those TK receptors has 
not been previously reported in NSCLC brain metastasis. In this 
study, we have described for the first time higher levels of 
immunohistochemical expression of EGFR, p-EGFR, Her2, 
IIer3, and p-Her3 in a series of NSCLC brain metastases using 
tissue microarray specimens. Interestingly, we found that the 
expression of phosphorylated forms of EGFR and I Ier3 proteins 
at the cytoplasmic and membrane level of malignant cells was 
significantly increased in brain metastasis compared with 
expression in corresponding primary lung tumors. Although 
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these data need to be validated in a larger set of specimens, 
these findings are consistent with the notion that activation of 
the EGFR and I Ier3 pathways is important in the progression and 
metastasis of lung cancer (13, 16). Similarly to brain metastasis, 
we recently showed that in EGFR mutant lung adenocarcinomas, 
p-EGFR immunohistochemical expression was significantly 
increased in nine lymph node metastases compared with 
expression in corresponding primary tumors (20). 

It is known that the receptors of the HER family are activated 
after binding to ligands or peptide growth factors (10, 12). 
Ligand binding induces clustering of IIER family receptors and 
produces subsequent autophosphorylation of cytoplasmic 
tyrosine residues (10, 12). There are 11 HER ligands identified, 
and they can be divided into four groups based on the receptor 
binding specificity: (<?) exclusive EGFR binding: EGF, amphir- 
egulin, TGF-a, and epigen; ( b ) EGFR and Her4 binding: 
betacellulin, HB-EGFR, and epiregulin; (c) Her3 and Her4 
binding: NRG1 and NRG2; and (d) exclusive EIer4 binding: 
NRG3 and NRG4 (10, 12). No ligand binding Her2 has been 
identified (10, 12). In our study, we examined the protein 
expression of eight of nine ligands that bind to EGFR and Her3 
receptors (10, 12). Of these, TGF-a (28, 29), epiregulin (30), 
and amphiregulin (31) are frequently expressed in primary 
NSCLC tumors, and EGF, betacellulin, FIB-EGF, and NRG1 
have been shown to be expressed in NSCLC cell lines (32-34). 
I Iowever, none of them has been characterized in primary lung 
tumors and corresponding brain metastasis. In addition, to the 
best of our knowledge, there is no report of the expression of 
NRG2 in lung cancer. We found that, compared with the 
corresponding primary tumors, NSCLC brain metastases had 
significantly higher immunohistochemical expression of mem¬ 
brane and nuclear EGF and of nuclear amphiregulin—ligands 
associated with activation of EGFR dimmers (10). These 
findings are consistent with the concomitant high level of 
overexpression of p-EGFR in the NSCLC brain metastasis that 
we studied and indicate the presence of an autocrine secretion 
mechanism of these ligands. In contrast to EGF and amphir¬ 
egulin, the cytoplasmic expression of TGF-a and NRG1, which 
bind to EGFR and Her3 receptors, respectively (10, 12), was 
significantly higher in malignant cells from primary tumors 
than in cells from brain metastases. Overexpression of TGF-a 
has been associated with the metastatic potential of NSCLC 
(32) and colon cancer (35) cell lines in favoring modifications 
of the tumor microenvironment conducive to metastasis, such 
as increasing angiogenesis. 

In our study, we have identified that six of ligands, EGF, 
amphiregulin, epiregulin, NRG1, and NRG2, and two receptors, 
p-EGFR and p-Her3, had nuclear expression in malignant NSCLC 
cells. There is evidence that TK receptors, as well as their ligands, 
translocate into the nucleus via receptor-mediated endocytosis 
for degradation or to be recycled back to the cell surface (36-40). 
I Iowever, it now seems clear that these complexes reach into the 
cell nucleus where they participate directly in the control of cell 
proliferation, cell differentiation, and cell survival (40). 

The current concept of metastasis development states that 
metastases are the result of tumor cells interacting with a 
specific organ microenvironment, also called the "seed and 
soil" hypothesis (41). Thus, the microenvironments of different 
organs, including the brain, are biologically unique and can 
explain the expression of HER receptors and ligands in the 
brain metastasis tissue specimens differing from expression in 


the corresponding primary lung tumors. In addition, these 
observations have important implications for the development 
of molecularly targeted therapy in lung cancer patients. The fact 
that potential therapeutic targets (EGF, amphiregulin, TGF-a, 
NRG1, EGFR, and Her3) are expressed differently in metastases 
from corresponding primary tumors suggests that different 
molecular properties among tumor sites may influence 
differing responses to treatment and affect the levels of 
biomarkers that may be predictive of the response to treatment. 
Although immunohistochemical testing of EGFR has been 
shown not to be an optimal method for identifying patients 
who may respond to treatment with anti-EGFR drugs (16), 
there are preliminary data suggesting that the expression in 
tumor tissue of IIer3 (15), amphiregulin (42), and TGF-a (31) 
correlates with sensitivity and resistance to EGFR TKI therapy. 
The immunohistochemical overexpression of Her3 in NSCLC 
tissue specimens has been correlated with EGFR TKI sensitivity 
(15). In contrast, increased expression of amphiregulin and 
TGF-a has been correlated with resistance to such therapy (31). 
In breast cancer, the transmembrane expression of neuroregulin 
has been correlated with improved survival in patients treated 
with IIer2 inhibitor (43). 

An increase in EGFR gene copy number, including high 
polysomy and gene amplification (as shown by FISH), has been 
detected in 22% of patients with surgically resected (stages 
1-IIIA) NSCLC (21). Higher frequencies (40-50%) of EGFR high 
copy number have been reported in patients with more- 
advanced metastatic NSCLC (stage IV; refs. 44-48). In the 
present study, we have identified even a higher frequency 
(62%) of gain in EGFR copy number in surgically resected 
primary NSCLC specimens from patients who developed brain 
metastases. Recently, we reported that a gain in EGFR gene copy 
number was detected in 74% of primary NSCLC tumors from 
patients who developed brain metastasis (25). Altogether, these 
data suggest a stepwise increase in the frequency of gain in 
EGFR copy number in primary tumors with increasing tumor 
stage and, more important, with the development of brain 
metastasis. Interestingly, in our cases, the presence of EGFR 
amplification, along with membrane EGFR protein overexpres¬ 
sion, was significantly correlated with shorter time to brain 
metastasis development in the univariate analysis, further 
suggesting the important role of this genetic abnormality in 
the progression and metastasis of NSCLC. 

Recently, we (20) and others (49) have shown that EGFR 
copy number gain, and specifically gene amplification, is a late 
phenomenon in the development of lung adenocarcinoma, 
appearing at invasive tumor stages and progressing in lymph 
node metastases, and that it is preceded by gene mutation. In 
the present study, we have expanded some of these observa¬ 
tions to NSCLC brain metastasis. Although it was not 
statistically significant, we found that brain metastases of lung 
adenocarcinomas had a higher frequency of EGFR amplifica¬ 
tion than the corresponding primary tumors (30% versus 
10%). Although a relatively high level (84%) of concordance 
for gain in EGFR copy number (when high polysomy and 
amplification were analyzed together) was detected when 
primary tumors and metastases were compared, there were 
nine discordant cases (16%), including six brain metastases 
that had increased copy numbers, whereas primary tumors did 
not. In contrast, we found that EGFR gene amplification had a 
low level of concordance (33%) when primary and metastatic 
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tumors were compared, indicating a high level of heterogeneity 
for this phenomenon. The distinct rate of EGFR gene 
amplification between primary tumors and corresponding 
brain metastases may support the influence of this phenome¬ 
non on differing responses to treatment and may affect the 
assessment of this specific biomarker for anti-EGFR therapy. 

The low frequency of EGFR mutations in exons 19 and 21 
detected in our series of 42 primary NSCLC and corresponding 
metastases examined, including 30 adenocarcinomas, did not 
allow us to compare differences between both tumor sites. The 
single case having EGFR mutation (exon 19, point mutation) in 
the primary tumor showed identical mutation in the metastasis. 
The concordance on EGFR mutation between primary tumors 
and brain metastases has been previously reported in NSCLC in 
Japanese patients (50). 

In summary, our findings indicate that NSCLC brain 
metastases exhibit important differences in abnormalities related 


to the HER family receptors from primary lung tumors. These 
differences may cause different responses to EGFR and other 
IIER receptor - targeted therapy of primary and metastatic tumor 
sites and suggest that the site of origin (primary versus 
metastasis) of the tumor specimen should be factored into the 
biomarker analyses in the clinical trials testing the efficacy of 
HER receptor inhibitor in patients with metastatic NSCLC. 
Although our series of cases is relatively small and restricted to 
one metastatic site per patient, the data strongly suggest that the 
analysis of both primary and metastasis tumor sites may be 
critical for the identification of novel therapeutic targets and 
corresponding predictive biomarkers in lung cancer. 
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ABSTRACT 

The transcription factor TCF21 is involved in mesenchymal-to-epithelial differentiation and has 
been shown to be aberrantly hypermethylated in lung and head and neck cancers. Because of 
its reported high-frequency of hypermethylation in lung cancer, we sought to characterize the 
stages and types of non-small cell lung cancer (NSCLC) that are hypermethylated and to define 
the frequency of hypermethylation and associated “second hits”. We determined TCF21 
promoter hypermethylation in 105 NSCLC including various stages and histologies in smokers 
and nonsmokers. Additionally, we examined TCF21 loss-of-heterozygosity and mutational 
status. We also assayed 24 head and neck squamous cell carcinoma (HNSCC) samples and 
22 cancer cell lines from varied tissue origins. We validated and expanded on our NSCLC 
results by examining TCF21 immunohistochemical expression on a tissue microarray containing 
300 NSCLC cases. Overall, 81% of NSCLC samples showed TCF21 promoter 
hypermethylation and 84% showed decreased TCF21 protein expression. Multivariate analysis 
showed that TCF21 expression, although below normal in both histologies, was lower in 
adenocarcinoma than squamous cell carcinoma, and was not independently correlated with 
gender, smoking and EGFR mutation status, or clinical outcome. HNSCC and cell lines from 
other cancer types also showed frequent TCF21 promoter hypermethylation. Hypermethylation 
and decreased expression of TCF21 were tumor-specific and very frequent in all NSCLC, even 
in early-stage, thus making TCF21 a potential candidate methylation biomarker for early-stage 
NSCLC screening. TCF21 hypermethylation in HNSCC and a variety of tumor cell lines 
suggests it may also be a valuable methylation biomarker in other tumor types. 

Keywords: TCF21; Methylation; Biomarker; Lung cancer; Screening 
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1. Introduction 

Lung cancer is the number one cause of cancer mortality worldwide, and kills more people than 
breast, colon, and prostate cancer combined. 1 Unlike these other common cancers, however, 
there is no effective screening strategy to detect early-stage lung cancer at a time when surgery 
may be curative. The need for such a strategy is obvious, and many attempts to detect lung 
cancer early have so far failed to show clinical benefit. 2 4 These include screening CT scans, 
sputum cytology, screening chest X-rays, serum markers. 

Recently, promoter hypermethylation has been recognized as an important mechanism 
by which genes regulating cellular proliferation are silenced during cancer development 5,6 
Promoter hypermethylation involves DNA methylation of CpG islands in or near the promoter 
region of certain genes, rendering them transcriptionally silent. This downregulation of gene 
expression of important cellular growth control genes has been shown to be important for 
cancer progression and outcome, with poorer outcomes associated with promoter 
hypermethylation of such important genes as RASSF1A , RARB, and HIF1 , 7 ' 9 

TCF21 is a recently recognized target of aberrant promoter hypermethylation in cancer, 
discovered in a genomic screen for regions of DNA that are hypermethylated in cancer. 10 It was 
reported to be frequently hypermethylated in head and neck and lung cancer, and restoration of 
TCF21 expression inhibited tumor growth, both in a lung cancer cell line and in a mouse 
xenograft model. TCF21 is widely expressed; its normal function is to promote mesenchymal 
transition into epithelial cells. 11 Reversal of this process, known as the epithelial-to- 
mesenchymal transition (EMT), has been implicated in tumor invasion and metastasis; 12,13 
Therefore, silencing of TCF21 may be a mechanism for tumor cells to gain these aggressive 
characteristics during the course of tumor progression. 

Given that TCF21 was reported to be frequently hypermethylated and silenced in 
NSCLC, as well as its plausible biologic role in tumor progression, we sought to more precisely 
define the frequency of TCF21 promoter hypermethylation in NSCLC. We were especially 
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interested in defining its frequency among different cancer stages and histologic subtypes. 
Here, we show that TCF21 is very frequently hypermethylated in a variety of NSCLC, and that 
protein expression of TCF21 is also very frequently reduced, either of which could be used for 
screening and/or diagnostic purposes as a biomarker of early disease. 
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2. Materials and Methods 

2.1 Frozen tumor specimens, cell lines, and DNA extraction 

Patient NSCLC specimens were obtained from surgical specimens at both the University of 
Texas M. D. Anderson Cancer Center (42 matched tumor/normal samples, 7 unpaired tumor 
samples) as well as from the University of North Carolina Lineberger Comprehensive Cancer 
Center tumor bank of surgical specimens (56 unpaired tumor samples). In both institutions, 
informed consent was obtained prior to surgery for the use of specimens as part of an IRB- 
approved protocol, in accord with the Helsinki Declaration. Tissue was snap-frozen and used 
for later DNA extraction. Genomic DNA was extracted from the DNA-protein phase of TriZol- 
extracted tissues according to the manufacturer’s suggestions (Invitrogen). DNA was extracted 
using the PureGene kit (Gentra) on cell pellets from four HNSCC cell lines (SCC-4, SCC-9, 
SCC-15 and SCC-25), five lung cancer cell lines (H1395, H520, H2170, SK-MES-1 and SW- 
900), one breast cancer cell line (MCF7), one cervical cancer cell line (HeLa), two brain cancer 
cell lines (SK-N-AS and M059K), one uterine cancer cell line (AN3CA), one sarcoma cell line 
(HT1080), one kidney cancer cell line (HEK293), and six colon cancer cell lines (LoVo, SW48, 
HCT-15, DLD-1, COLO 320DM and RKO) according to the manufacturer’s suggestions. All cell 
lines are available from ATCC (Manassas, VA). Four normal pools of DNA from peripheral 
blood mononuclear cells (PBMCs) were generated representing different genders and ages. 
Three of the pools (females <40 yrs of age, females age >40 yrs, and males <40 yrs) were 
comprised of five individuals per pool. The fourth pool (males >40 yrs) was comprised of six 
individuals. 

2.2. TCF21 promoter methylation 

PCR and sequencing primers were designed using the PSQ Assay Design software (Qiagen). 
PCR was performed in a 25 pi reactions containing Qiagen HotStart Taq master mix (Qiagen) 
using 1 pi bisulfate-converted DNA (about 10 ng/pl). Bisulfite conversion of genomic DNA was 
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performed as previously reported. 14 Briefly, 0.5-1.0 pg of genomic DNA was treated using the 
EZ-96 DNA Methylation Gold Kit (Zymo Research), including DNA sulfonation, deamination, 
desalting, desulfonation and recovery. Bisulfite-treated DNA was stored at-80°C until use. To 
reduce the cost per assay, an amplification protocol was developed using a biotinylated 
universal primer approach. 14 Final primer concentrations were 10 nM of the reverse primer 
tailed with the universal primer (5’- 

GAC GGGACACCGCTGATCGTTTA CCAAAAAAAACCCCCTAA-3”), 100 nM of the untailed 
forward primer (5’-GGTAGGGTGGTTTTGAGTT-3’), and 90 nM of the universal biotinylated 
primer (5'- GGGACACCGCTGATCGTTTA -3’) in each reaction. The universal primer sequence 
is underlined. The predicted amplicon size was 153 bp. Amplification was carried out as 
follows: denaturation at 95°C for 5 min, followed by 50 cycles at 95°C for 30 sec, 51 °C for 1 min, 
72°C for 45 sec, and a final extension at 72°C for 7 min. 

Following PCR amplification, Pyrosequencing was performed on a PSQ96HS system 
(Qiagen) according to the manufacturer’s protocol including the use of single strand binding 
protein (PyroGold reagents). The Pyrosequencing primer was (5’-TTGAGTTTGGAGAAGG-3’). 
The results were analyzed using Q-CpG software (Qiagen), which calculates the methylation 
percentage ( m C/( m C+C)) for each CpG site, allowing quantitative comparisons. The methylation 
index (Ml) was calculated as the average value of m C/( m C+C) for all nine of the interrogated 
CpG sites in the assay. Genomic DNA treated with M.SssI (New England Biolabs) was used as 
a universally methylated positive control; the same untreated genomic DNA amplified by whole 
genome amplification (GenomiPhi, GE Healthcare) was used as a universally unmethylated 
negative control. 

2.3 LOH and mutation detection 

Primers were designed for detection of four microsatellites within and flanking TCF21. Primer 
sequences are shown in Supplemental Table SI. All forward primers were 5’-tailed with 5’- 
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GAC GGGACACCGCTGATCGTTTA -3’ and all reverse primers were 5’-tailed with 5’-GTTTCTT- 
3’. A universal primer with the sequence 5’- GGGACACCGCTGATCGTTTA -3’ end-labeled with 
either FAM, HEX, or NED was used in all microsatellite amplifications. PCR conditions for the 
three primer reactions were as described above for amplification using the universal biotinylated 
primer. Amplification products were pooled as appropriate and analyzed by capillary 
electrophoresis on an ABI 3100 Genetic Analyzer (Applied Biosystems). 

The coding region of TCF21 (exons 1 and 2) was sequenced in both directions in four 
fragments. In all, 45 lung cancer samples showing zero or one hit were sequenced. Samples 
which had already been scored as having two hits were not sequenced. Primer sequences are 
shown in Supplemental Table SI. All forward primers were 5’-tailed with Ml3 forward sequence 
5-TGTAAAACGACGGCCAGT-3’,and all reverse primers with Ml3 reverse 5’- 
CAGGAAACAGCTATGACC-3’. After amplification, samples were treated with Exo-SAP 
(Amersham), sequenced using Big Dye Terminator v3.1 (Applied Biosystems) under standard 
conditions and products purified by ethanol precipitation, dehydrated in a vacuum centrifuge, 
and resuspended in 20 pi formamide before capillary electrophoresis on an ABI 3100 Genetic 
Analyzer. Sequences were aligned and visualized using Sequencher software (Gene Codes). 
Fragment 1 contained a polymorphic (CT) n simple tandem repeat of 8 to 12 units, which, when 
polymorphic, was used to confirm retention-of-heterozygosity identified by the microsatellites. 

2.4 Archival NSCLC case selection and tissue microarray construction 

We obtained archival, formalin-fixed and paraffin-embedded (FFPE) material from surgically 
resected lung cancer specimens containing tumor and adjacent lung tissues from the Lung 
Cancer Specialized Program of Research Excellence (SPORE) Tissue Bank at The University 
of Texas M. D. Anderson Cancer Center, which was approved by the Institutional Review 
Board. Tumor tissue specimens from 300 NSCLCs (191 adenocarcinomas, and 109 squamous 
cell carcinomas) were histologically examined, classified using the 2004 World Health 
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Organization (WHO) classification system, 15 and selected for tissue microarray (TMA) 
construction. After histologic examination, TMAs were constructed using triplicate 1-mm 
diameter cores from each tumor. Detailed clinical and pathological information, including 
demographic data, smoking history (never- and ever-smokers) and status (never, former, and 
current smokers), pathologic TNM staging, 16 overall survival, and time of recurrence, was 
available in most cases (Table 1). Patients who had smoked at least 100 cigarettes in their 
lifetime were defined as smokers, and smokers who quit smoking at least 12 months before 
lung cancer diagnosis were defined as former smokers. 


2.5 Immunohistochemical staining and evaluation 

An anti-human TCF21 antibody was used for immunostaining (ab32981, Abeam). FFPE tissue 
histology sections (5-pm thick) were deparaffinized, hydrated, heated in a steamer for 10 min 
with 10 mM sodium citrate (pH 6.0) for antigen retrieval. Peroxide blocking was performed with 
3% H 2 0 2 in methanol at room temperature for 15 min, followed by 10% bovine serum albumin in 
TBS-t for 30 min. Slides were incubated with primary antibody at 1:200 dilution for 65 minutes 
at room temperature. After washing with PBS, incubation with biotin-labelled secondary 
antibody for 30 min followed. Finally, samples were incubated with a 1:40 solution of 
streptavidin-peroxidase for 30 min. The staining was then developed with 0.05% 3',3- 
diaminobenzidine tetrahydrochloride prepared in 0.05 mol/l Tris buffer at pH 7.6 containing 
0.024% H 2 0 2 and counterstained with hematoxylin. FFPE lung tissues having normal bronchial 
epithelia were used as positive control. For a negative control, we used the same specimens 
used for the positive controls, replacing the primary antibody with PBS. 

TCF21 immunostaining was detected in the cytoplasm of epithelial and tumor cells. 
Immunohistochemical expression was quantified by microscope observation by two pathologists 
(M.S. and I.W.) using a four-value intensity score (0, 1+, 2+ and 3+) and the percentage of the 
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reactivity extent. A final score was obtained by multiplying both intensity and extension values 
(range 0-300), and four levels of expression were arbitrarily calculated based on that score: (a) 
negative (score 0-9); (b) low (score 10-100); (c) intermediate (score 100 to 199); and (d) and 
high (score 200-300). Levels and scores were used for analysis. 

2.6 EGFR mutation analysis 

Exons 18 through 21 of EGFR were PCR amplified using intron-based primers as previously 
described. 17,18 From microdissected FFPE cells, -200 cells were used for each PCR 
amplification. All PCR products were directly sequenced using the PRISM dye-terminator cycle 
sequencing method (Applied Biosystems). All sequence variants were confirmed by 
independent PCR amplifications from at least two independent microdissections and DNA 
extraction, and sequenced in both directions, as previously reported. 

2.7 Statistical analysis 

Blip plots were generated to summarize the distribution of TCF21 protein expression levels from 
the 300-sample TMA. Summary statistics of TCF21 protein expression levels for each 
prognostic factor category were generated. Wilcoxon test, Kruskal-Wallis, and Fisher Exact test 
were used to compare TCF21 expression among different levels of prognostic factors. 

Spearman correlation coefficient was used to estimate the correlation between two continuous 
variables (e.g., age and TCF21 expression). Kaplan-Meier survival curves for patient overall 
survival and recurrence free survival were produced. The median survival times with the 95% 
confidence intervals and the survival rates at 3 yrs and 5 yrs with the 95% confidence intervals 
by prognostic factors were produced. To test the survival difference between the patient groups 
for both overall and recurrence free survival, we used the log-rank test. Cox proportional hazard 
models were utilized for multivariate analysis to examine the covariate effects. We constructed 
the full model with all covariates included and the reduced model in which only significant 
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covariates and the TCF21 expression were included. The hazard ratios with the 95% 
confidence intervals and the p-values were reported. All tests were two-sided. 
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3. Results 

3.1 TCF21 is highly methylated in nearly all cancer cell lines 

To characterize TCF21 methylation levels in normal and malignant states, we examined various 
cancer cell lines from a spectrum of tissue types (brain, breast, cervix, colon, connective tissue, 
head and neck, kidney, lung, and uterus). We also assayed TCF21 methylation in normal 
PBMCs from younger and older individuals of both sexes, since methylation levels can be 
influenced by age and/or sex. Universally methylated control DNA and genetically matched 
unmethylated control DNA defined the boundaries of detection of our assay (3-93% 
methylation). Using Pyrosequencing-based Methylation Analysis (PMA) we analyzed TCF21 
methylation by averaging methylation levels of nine promoter CpG sites. All but one cell line 
(SK-N-AS, a neuroblastoma cell line, 38%) was highly methylated, with levels at or approaching 
the upper limit of detection (Fig. 1). Normal PBMCs were essentially identical regardless of age 
or gender, and demonstrated moderate levels of baseline methylation at -20%. 

3.2 TCF21 is hypermethylated in >80% of NSCLC 

To define the threshold for hypermethylation positivity, we began our analysis using genetically 
matched NSCLC and adjacent normal tissue pairs from the same patient. To assess the 
baseline levels of TCF21 methylation in lung tissue, we examined both normal adjacent tissue 
(NAT) from the tumor/normal (T/N) pairs (n=42) comparing them to PBMC. Average 
methylation levels in NAT were 21.5% (SD=4.6; n=42), and in the normal PBMC 20.1%. 
Average TCF21 methylation levels in T samples were 41.3% (SD=11.6; n=42) (Fig. 2A). The 
difference between the average methylation levels in N and T tissues was highly significant (p- 
value<1x10' 13 ). 

Using a threshold of 30% methylation, we found that 37 of 42 tumors (88%) were 
hypermethylated, while 41 of 42 matched normal samples (98%) were not. Using this cutoff to 
define hypermethylation, we then assayed second set of 63 unpaired NSCLC samples. This 
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second set of tumors contained a small number of large cell histologic subtypes, and some 
mixed histologic types (mostly adeno-squamous). We found that 48 (76%) of them were 
hypermethylated (Fig. 2B). Overall, the average methylation levels of all the tumor samples 
combined was 39.2% (SD=11.7; n=105). Using the threshold of 30% methylation, the overall 
frequency of hypermethylation in NSCLC was 81% (85/105). 

3.3 TCF21 is hypermethylated in >80% of HNSCC tumors 

We also examined 27 HNSCC primary tumors. Similar to NSCLC, we found that average 
methylation levels were 55.0% (SD=11.4; n=27) (Fig. 2B). Using the same threshold of 30% 
methylation, 26 of 27 (96%) tumors showed TCF21 hypermethylation. It should be noted, 
however, that the appropriate cutoff for hypermethylation in HNSCC may be higher, if normal 
adjacent tissue also has a higher baseline levels of methylation. 

3.4 Reduced expression of TCF21 protein in NSCLC 

To determine whether TCF21 promoter hypermethylation also resulted in decreased TCF21 
protein expression, we used a NSCLC TMA containing tumor samples from 300 patients. The 
microarray was stained with a TCF21 antibody, and protein levels were scored as none, low, 
intermediate, or high (Fig. 3A). While normal adjacent lung tissue stained strongly for TCF21, 
253 of 300 (84%) NSCLC samples showed reduced (either low or none) staining (Fig. 3B). 

Similar frequencies of TCF21 hypermethylation and decreased protein expression 
suggested that hypermethylation leads to reduced protein levels, which would be consistent with 
previously reported decreased mRNA levels resulting from TCF21 promoter hypermethylation. 10 
Because our TMA included only 9 overlapping samples between the TMA and TCF21 
methylation sets, we assembled a smaller TMA with 31 samples overlapping (Supplemental 
Table S2). Interestingly, TCF21 hypermethylation and protein expression were independent 
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events (Supplemental Table S3B), suggesting that methods other than hypermethylation could 
result in decreased protein expression. 

3.5 TCF21 loss-of-heterozygosity and sequence analysis 

Because some NSCLC samples showed loss of TCF21 protein expression without 
hypermethylation and the average levels of TCF21 hypermethylation were -40%, which might 
not be expected to completely abolish protein expression, we examined potential “second hits” 
at the TCF21 locus (Supplemental Table S2). First, we examined loss-of-heterozygosity (LOH) 
in 33 of the paired samples, using four microsatellite markers spanning the TCF21 locus and 
closely flanking region. LOH was seen in 14 (42%) of these samples, showing a trend toward 
more frequent occurrence in samples that were not hypermethylated (p-value=0.09) 
(Supplemental Table S3A). In addition to LOH, we sequenced the TCF21 coding region in 45 
lung cancer samples that showed either zero or one hit by methylation or LOH analysis. 
Samples with both hypermethylation and LOH were not sequenced. No TCF21 coding 
mutations were found. 

3.6 Reduced TCF21 protein expression is widespread and independent of stage and 
other clinical features, but correlated with histology 

To determine whether TCF21 expression was correlated with clinical features such as gender, 
race, stage, smoking status, histology, or prognosis, we performed univariate analysis (Table 1). 
Histology and TCF21 expression showed the most significant correlation (p-value=0.0026); 
however, smoking status (p-value=0.0209) and gender (p-value=0.0476) were also marginally 
significant. Cox proportional hazards analysis was performed to assess association between 
TCF21 and overall survival and recurrence-free survival, but neither association was significant, 
in either a multivariate model (Table 1) or a univariate model (data not shown). 
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Given previously reported associations between smoking, gender, and histology with 
EGFR status, 19 we then analyzed the 202 patient subset for which EGFR status was known, for 
associations with TCF21 expression. In a multivariate analysis with histology, gender, and 
smoking status, only histology was statistically significantly (p-value = 0.007) associated with 
TCF21 levels, while smoking history and gender were not independently associated. When only 
adenocarcinomas were considered (n=172), EGFR status was not associated with TCF21 
expression level, nor was EGFR status associated in a univariate analysis with all 202 patients. 
Therefore, the only significant correlation (p-value=0.007) is that adenocarcinomas have lower 
levels of TCF21 expression than SCCs, although all histologies have significantly lower TCF21 
levels than those in normal tissue. 
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4. Discussion 

4.1 TCF21 has the highest frequency of promoter hypermethylation in NSCLC of any 
gene known to date 

Many genes have been reported to be hypermethylated in NSCLC. 20 ' 24 However, the frequency 
of these events has not been high enough in all NSCLC subtypes for utilization as a screening 
tool, requiring combinations of genes to approach a sensitivity high enough for a screening test. 
Despite numerous reports of hypermethylated genes in NSCLC, identified by a variety of 
approaches, none has a reported frequency of hypermethylation as high as TCF21, except one 
that also examined TCF21 itself, and a recent publication limited to only the SCC subtype of 
NSCLC. 20 ' 23 This study was specifically focused on TCF21 in NSCLC and the susceptibility 
locus at 6q23-q25. Among 43 genes selected in the region, TCF21 had the highest rates of 
cancer-specific hypermethylation (81%), 23 exactly matching our rates of TCF21 
hypermethylation. 

The high rates (80-85%) of TCF21 promoter hypermethylation and decreased protein 
expression are high enough for TCF21 to be used as a screening biomarker alone, either by 
increased methylation or decreased protein levels. The sensitivity of TCF21 
hypermethylation/decreased TCF21 protein expression compares favorably with that of 
prostate-specific antigen (PSA), the current screening biomarker for prostate cancer, which has 
been shown to be <4 (i.e., in the normal range) in 15% of men with prostate cancer, a sensitivity 
of 85%. 25 Of course, one of the main difficulties in lung cancer screening remains in the 
acquisition of relevant tissue (in this case early lung tumors), but detection of TCF21 
hypermethylation has been reported in biopsies and sputum samples, which is promising. 26 

4.2 Detection of TCF21 hypermethylation by highly quantitative method 

One significant advantage of methylation detection by Pyrosequencing-based Methylation 
Analysis (PMA) following bisulfite conversion is that quantitative levels can be measured across 
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multiple sites, rather than the more qualitative output obtained with methylation-specific PCR 
(MS-PCR) or other qualitative or semiquantitative methods (e.g., COBRA). PMA enabled us to 
reliably detect a difference between the 20% average methylation in N tissue, and 40% average 
methylation in T tissue. This difference would likely not have been detected with less 
quantitative methylation detection strategies. It is possible that other genes known to be 
hypermethylated in NSCLC may prove to be more sensitive and/or specific, if more quantitative 
methods similar to Pyrosequencing were to be routinely applied. The 40% methylation levels in 
NSCLC tissue raises the question of whether only one of the two TCF21 alleles is silenced by 
hypermethylation, or whether 40% of cells have both alleles silenced, either of which could 
produce the observed result. It is interesting that hypermethylation of 40% of alleles is 
frequently associated with completely absent TCF21 protein expression, suggesting either that 
the second allele is silenced by a different mechanism than hypermethylation, or that there is a 
threshold level of gene expression necessary to produce detectable TCF21 protein levels. 

4.3 Reduction of TCF21 protein levels similar to TCF21 hypermethylation rates 

In addition to TCF21 hypermethylation, we also examined the downstream effect of this 
hypermethylation by examining protein expression directly. In both cases we found TCF21 
hypermethylation/decreased TCF21 protein levels at similar rates-81% and 84%, respectively. 
Given that decreased mRNA expression of TCF21 has been shown to result from promoter 
hypermethylation, 10 the similar rates of hypermethylation and decreased protein expression are 
consistent with the notion that decreased mRNA expression results in decreased protein 
expression. However, since there were cases with low/absent protein expression despite 
normal TCF21 methylation levels, other regulatory mechanisms likely are in effect. LOH occurs 
at a rate of 42%. Since LOH occurs in at least a few cases without TCF21 hypermethylation, 
this implies inactivation of TCF21 in other ways. Since we did not detect any coding mutations, 
these could be promoter or other regulatory region DNA mutations. Alternatively, dysregulation 
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by micro-RNAs could be a factor. Interestingly, the sole predicted regulator of TCF21 is miR- 
92a, 27 which is overexpressed in a variety of cancers. 28,29 

4.4 TCF21 is an excellent candidate biomarker for early lung cancer detection 

Several characteristics of TCF21 make it an attractive target for screening efforts in NSCLC. 
First, it is hypermethylated at similar frequencies in all histologic subtypes of NSCLC examined, 
including early- and late-stage cancers. Second, it has a higher frequency of hypermethylation 
than any gene published to date in NSCLC, without subdivision by histologic subtype. 10,20 ' 23 
This high sensitivity is combined with a high specificity as well. We detected a false-positive 
rate of only 1 in 42 samples with NAT, for a specificity of 98%. In other reported control tissues, 
such as PBMCs and human bronchial epithelial cells (HBECs) from smokers, there were no 
false-positives (n=20 in each case). 23 The high specificity in normal adjacent tissue is especially 
noteworthy in that there appears to be no evidence for a “field-effect”, which can complicate 
screening in smokers who often have cancers arising in a field of premalignant lesions, leading 
to false-positive screening results. Instead, the very low prevalence of TCF21 hypermethylation 
in NAT that we report suggests that TCF21 hyermethylation is restricted to cancerous tissue 
only. 

In summary, we have established that TCF21 hypermethylation and reduced TCF21 
protein are ubiquitous in NSCLC, occurring in 80-85% of tumors across a wide variety of stages, 
histologies, and other clinical characteristics. Given the high rate of increased methylation and 
decreased protein expression, combined with their lack in normal adjacent tissue, we propose 
that TCF21 is an excellent biomarker for further development as a lung cancer screening tool. 
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Figure Legends 

Fig. 1 - Methylation levels of individual cancer cell lines, normal PBMCs, and positive 
and negative methylation controls. TCF21 promoter methylation levels are shown for 22 
cancer cell lines, four pools of PBMCs of different sex (male, female) and age (<40, >40 yrs). 
Control samples, fully methylated by treatment with Sssl methylase or fully unmethylated by 
whole genome amplification, are also shown. 

Fig. 2 - Methylation levels and percent of tumors with methylation levels >30% threshold. 

(A) TCF21 promoter methylation levels are shown in a box and whisker plot for 42 normal 
adjacent lung tissues, 42 NSCLC tumors, 63 additional NSCLC tumors, all 105 NSCLC tumors 
combined, and 24 HNSCC tumors. (B) Bar graph representing the number of NSCLC and 
HNSCC tumors exceeding the 30% threshold for hypermethylation. 

Fig. 3 -TCF21 protein expression. (A) TCF21 immunohistochemical expression in lung 
cancer. NSCLC samples were stained with an anti-TCF21 antibody and scored as none, low, 
medium, or high. Representative examples of SCC and adenocarcinoma samples with high 
TCF21 expression (left) and no TCF21 staining (right) are shown. (B) Frequency of TCF21 
expression in NSCLC on the TMA (300 patients). The percentage of samples in each 
expression category is shown. Reduced expression was defined as “none” or “low”. 
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Supplemental Table SI -- Primers used for LOH and mutation detection in TCF21. 

_ Analysis _ Forward Primer Reverse Primer Amplicon 

_LOH_ (5’—3’) _ (5’—3’) _ Size (bp) 

TCF21_5'_GT19 CATGCCTGGGCGACAG G G CCCTT AAGCT G ACAACTT 131 

TCF21_CA14 AT GCAGTAAGGCCATAGTTT G CAGCAGTGAGAGAACACCC 294 

TCF21_E3_CT13 GT GTTT CAAGT AAGCGAGT CT GGGAAAGCCT GCT AGAAT 163 

TCF21 _3'_GT12-AT8 AAG CTT AAG ACTTT G G CT AA CT AGT CT GGTT CCCT AGAGTT 208 

Sequence _ 

TCF21E1-1 ATT G AGTTT CCCT CCG GTT GT G AA CT CGCAGTTGGAGCT CT CCT CGGT G 547 

TCF21E1-2 T CAGCG AT GT GGAGGACCTT CAAGA GCGGTGGT CGAGAT GT GT AAGT CA 563 

TCF21_E2-1 CCCCCTT CCTTT CAT CT CAG AATT AC AT ATT GCACTTGGACCAGC 449 

TCF21 E2-2 AAG ATT CCCAT CT ATTT AACTTT A AT CT GCAT CTT CATT AT GAAACT CA 419 
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Supplemental Table S2 - Methylation, LOH, and protein expression data for TCF21 in 


lung cancer samples. 


Sample 

ID 

Histology 

Methylation 

(%) 

Hypermethylated 

(yes/no) 

LOH 

No. of 
Hits 

TCF21 protein 
expression on TMA 

462 

Adeno 

37.21% 

yes 

nd 


negative 

612 

Adeno 

32.74% 

yes 

nd 


high 

645 

Adeno 

31.39% 

yes 

nd 


negative 

649 

Adeno 

39.24% 

yes 

ROH 

1 

low 

756 

see 

39.34% 

yes 

ROH 

1 

negative 

758 

sec 

43.11% 

yes 

nd 


intermediate 

759 

Adeno 

35.89% 

yes 

nd 


low 

782 

Adeno 

30.23% 

yes 

ROH 

1 

intermediate 

794 

sec 

51.55% 

yes 

LOH 

2 

negative 

798 

Adeno 

33.43% 

yes 

LOH 

2 

low 

799 

sec 

54.54% 

yes 

LOH 

2 

intermediate 

801 

Adeno 

51.64% 

yes 

nd 


low 

840 

Adeno 

35.06% 

yes 

LOH 

2 

intermediate 

842 

Adeno 

28.46% 

no 

nd 


low 

846 

Adeno 

22.59% 

no 

LOH 

1 

negative 

848 

Adeno 

44.62% 

yes 

LOH 

2 

intermediate 

870 

sec 

20.62% 

no 

nd 


high 

879 

sec 

79.12% 

yes 

ROH 

1 

intermediate 

913 

sec 

59.04% 

yes 

ROH 

1 

intermediate 

931 

sec 

48.34% 

yes 

LOH 

2 

low 

1114 

Adeno 

62.16% 

yes 

ROH 

1 

nd 

1140 

sec 

40.10% 

yes 

ROH 

1 

intermediate 

1147 

Adeno 

56.92% 

yes 

LOH 

2 

low 

1153 

Adeno 

38.89% 

yes 

ROH 

1 

low 

1200 

sec 

47.69% 

yes 

ROH 

1 

negative 

1234 

sec 

40.23% 

yes 

ROH 

1 

low 

1237 

sec 

39.78% 

yes 

LOH 

2 

intermediate 

1244 

sec 

42.65% 

yes 

LOH 

2 

low 

1274 

Adeno 

44.23% 

yes 

ROH 

1 

nd 

1289 

Adeno 

39.44% 

yes 

ROH 

1 

low 

1323 

Adeno 

33.34% 

yes 

ROH 

1 

nd 

1352 

Adeno 

65.74% 

yes 

LOH 

2 

nd 

1355 

Adeno 

43.28% 

yes 

ROH 

1 

nd 

1406 

Adeno 

50.94% 

yes 

ROH 

1 

nd 

1416 

Adeno 

46.27% 

yes 

LOH 

2 

nd 

1436 

Adeno 

30.04% 

yes 

ROH 

1 

nd 

1453 

sec 

45.70% 

yes 

ROH 

1 

nd 

7713 

sec 

18.20% 

no 

LOH 

1 

intermediate 

786 2 

sec 

29.73% 

yes 

LOH 

2 

low 

793 2 

sec 

22.67% 

no 

nd 


intermediate 

878 2 

sec 

33.74% 

yes 

ROH 

1 

nd 

905_1 

sec 

31.90% 

yes 

ROH 

1 

nd 


Adeno, adenocarcinoma; SS, squamous cell carcinoma; nd, not done; ROH, retention-of- 
heterozygosity; LOH, loss-of-heterozygosity; No. of Hits, total of hypermethylation and LOH 
events (if both were assayed): 0 is neither, 1 is either hypermethylation or LOH, and 2 is both; 
TMA, tissue microarray. 
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Supplemental Table S3 -- Chi-squared test for TCF21hypermethylation coincidence with 
either TCF21 LOH (A) or TCF21 protein expression (B). 


A. TCF21 Hypermethylation and LOH 


observed 

hypermethylation 

no hypermethylation 

LOH 

12 

2 

ROH 

19 

0 

expected 

hypermethylation 

no hypermethylation 

LOH 

13.15 

0.85 

ROH 

17.85 

1.15 



p-value=0.1723 

B. TCF21 Hypermethylation and protein expression 

observed 

hypermethylation 

no hypermethylation 

negative 

5 

1 

low 

11 

1 

intermediate 

9 

2 

high 

1 

1 

expected 

hypermethylation 

no hypermethylation 

negative 

5.03 

0.97 

low 

10.06 

1.94 

intermediate 

9.23 

1.77 

high 

1.68 

0.32 


p-value=0.4075 



TITF-1 and EGFR gene copy variations are associated with prognosis for the 
patients with non-small cell lung cancer 

Ximing Tan, Diane Liu, Carmen Behrens, Dandan He, Menghong Sun, David Rice, J. 
Jack Lee, Waun K. Hong, and Ignacio I. Wistuba 
UT MD Anderson Cancer Center, Houston, TX 77030 

Thyroid transcription factor -1 (TITF-1, a lineage-specific transcription factor), and the 
epidermal growth factor receptor (EGFR, a tyrosine kinase membrane receptor) have 
shown frequent gene amplification in non-small cell lung carcinomas (NSCLC). We 
investigated the clinico-pathologic characteristics of NSCLCs having TITF-1 andor 
EGFR gene copy number abnormalities by examining gene copy number status using 
quantitative polymerase chain reaction (qPCR) and DNA extracted from microdissected 
formalin-fixed and paraffin-embedded tissue from 53 adenocarcinomas and 29 squamous 
cell carcinomas, fi-actin gene was used as reference. In tumors, gene copy ratio referred 
to fi-actin ranged from 0.22 to 74.93 (median=1.52) for TITF-1, and 0.05 to 6.28 
(median=1.51) for EGFR. Ratios 1 to 2 were defined as normal gene copy number (NGC). 
Ratios <1 and >2 were defined as low gene copy (LGC) and high gene copy (HGC) 
number, respectively. Both, LGC and HGC categories were defined as abnonnal gene 
copy. Similar frequencies of TITF-1 and EGFR copy number categories were detected 
comparing adenocarcinoma ( TITF-1 : LGC 15, 28%; NGC 20, 38%; HGC 18, 34%; 

EGFR : LGC 9, 17%; NGC 27, 51%; HGC, 17, 32%) with squamous cell carcinoma 
(TITF-1: LGC 8, 28%; NGC 14, 48%; HGC 7, 24%; EGFR : LGC 5, 17%; NGC 18, 62%; 
HGC 6, 21%). We found a statistically significant correlation between TITF-1 and EGFR 
copy numbers (Spearman correlation coefficients.36, F=0.0008). In both tumor 
histologies, neither TITF-1 nor EGFR gene copy increase (ratio >2) correlated with 
disease prognosis. However, in adenocarcinomas, Kaplan-Meier and log rank tests 
revealed that the median time to death was longer in patients with normal copy number 
compared with those with abnormal copies for TITF-1 (median 4.76 years, 95% Cl 
2.95-NA, P = 0.04) and EGFR (4.76 years, 95% Cl 3.13- NA, F=0.04). Moreover, 
adenocarcinoma patients with combined TITF-1 and EGFR abnormal copy showed worse 
overall survival (3.56 years, 95% Cl 3.13- NA) compared with patients with normal copy 



status (median not reached, .P=0.003). In these patients, multicovariate Cox modeling 
indicated that combined copy abnonnality of both genes is an independent factor for 
worse overall survival (HR 4.566, R=0.0057). Our findings suggest that loss and gain of 
TITF1 and EGFR are frequent abnonnalities in both adenocarcinomas and squamous cell 
carcinomas of the lung, and in adenocarcinoma patients correlate with disease outcome. 
(Supported by Grant DoD-W81XWH-04-l-0142 and W81XWH-05-2-0027). 

( TITF-1 and EGFR gene copies in lung cancer) 



TITF-1 Protein Expression Associates with Gene Methylation and Gene Copy Gain in 
Non-Small Cell Lung Carcinoma. 

Ximing Tang, Fei Yang, Jianan Huang, Denise Woods, Alejandro Corvalan, Ignacio I. 
Wistuba 

UT MD Anderson Cancer Center, Houston, TX 77030, USA 

Background: The thyroid transcription factor-1 (TITF-1, NKX2-1) is a lineage-specific 
transcription factor normally expressed in peripheral pulmonary epithelial cells. TITF-1 
protein is frequently expressed in adenocarcinoma, and absent in squamous cell carcinoma 
of the lung. TITF-1 gene copy number gain (CNG) has been reported in a relatively small 
subset of adenocarcinoma of the lung, and we have also recently detected this abnonnality 
in lung squamous cell carcinomas (Tang et al, unpublished data). To better characterize the 
mechanisms responsible to the different pattern of expression of TITF-1 protein in these 
two types of non-small cell lung carcinomas (NSCLC), we investigated the correlation 
between protein expression with CNG and methylation abnormalities in a large series of 
NSCLC specimens. 

Methods: DNA extracted from NSCLC cell lines (n=21) and tumor tissue (n=173) samples 
was analyzed for TITF-X gene methylation by bisulfite DNA sequencing, CNG by 
quantitative-PCR (qPCR), and protein expression by immunohistochemistry (IHC). 

Results: 14 out of 21 NSCLC cell lines demonstrated TITF-1 gene methylation in exons 1 
and 2, but not in the promoter region. In the 14 methylated cell lines, the percentage of 
average methylation of CpG sites in exon 2 (43.9%) was much higher than in exon 1 
(6.7%). Methylation was more frequently detected in squamous cell carcinoma (48/72, 
72%) compared with adenocarcinoma (46/106, 43%, P=0.002). TITF-1 CNG was detected 
in 35% of adenocarcinoma and 25% of squamous cell carcinoma, respectively. In 
adenocarcinomas, TITF-1 protein overexpression was associated with CNG; while in both 
tumor histologies reduced expression of the protein was correlated with gene methylation 
(R=-0.4, F’=0.002). In addition, nearly 50% of CNG NSCLCs were detected with the gene 
methylation simultaneously, which indicated two opposite modulation mechanisms can 
exist in some NSCLC. No gene methylation and CNG were detected in non-malignant lung 
tumor tissues adjacent to lung tumors having those abnormalities. Conclusion: Our findings 



indicate that, in NSCLC, TITF-1 increase and lack/reduction of protein expression 
correlates with gene copy number gain and methylation of the gene, respectively, 
suggesting that these two mechanisms are important for TITF-1 protein expression 
modulation in lung tumors. (Supported by Grant DoD-W81XWH-04-l-0142 and 
W81XWH-05-2-0027). 



Analysis of Copy Number Gain of VEGF and VEGFR2/KDR in Non-Small Cell 
Carcinoma (NSCLC) Cancer Cell Lines and Primary Tumors 


Fei Yang 1 , Ximing Tang 1 , Alejandro Corvalan 1 , Carmen Behrens 1 , Heather Lin 1 , Maria 
Gabriela Raso 1 , J. Jack Lee 1 , John D. Minna 2 , and Ignacio Ivan Wistuba 1 
University of Texas MD Anderson Cancer Center, Houston, TX 1 , and University of 
Texas Southwestern Medical Center, Dallas, TX - . 


Background. The VEGF family plays an important role in lung cancer angiogenesis. The 
VEGF receptor 2 (VEGFR2) is the predominant mediator of VEGF-stimulated 
endothelial cell migration, proliferation, survival and enhanced vascular permeability. 
Recently, VEGF copy number gain, and VEGFR2/KDFR copy number gain and 
mutation, have been described in lung adenocarcinoma tissue specimens. To better 
characterize the molecular changes of these two genes in NSCLC, we investigated their 
frequency of abnormalities in NSCLC cell lines and tumor tissue specimens. 

Methods. We studied DNA extracted from 37 NSCLC cell lines and 93 tumor tissues 
obtained from surgically resected tumors, including 56 adenocarcinomas and 37 
squamous cell carcinomas. VEGF and VEGFR2/KDR copy number were examined by 
quantitative (q)-PCR, and VEGFR2/KDR mutations of exons 7, 11, 21, 26, 27 and 30, by 
PCR-based sequencing. Protein expression of VEGF, VEGFR2 and CD34 was detected 
by immunohistochemistry in 45 lung cancer patients who had not received neoadjuvant 
chemotherapy. 

Results. VEGF and VEGFR2/KDR copy number gains were detected at low frequencies 
in NSCLC cell lines and tumor tissue specimens. In cell lines, the frequency of copy 
number gains was 1/37 (copy number=4.6) for VEGF, and 1/37 (copy number=5.0) for 
VEGFR2/KDR. In primary tumors, copy number gains were detected in 3/93 (3.2%; 1 
adenocarcinoma, and 2 squamous cell carcinomas) for VEGF, and 11/93 (11.8%; 4 
adenocarcinomas, and 7 squamous cell carcinomas) for VEGFR2/KDR. These copy 
number changes were not detected in non-malignant lung tissues adjacent to the tumors 
in the 15 lung cancers with or without copy number increase of VEGFR2/KDR. 
Significant increase of cytoplasmic VEGFR2 expression was detected in lung cancer 
cases with VEGFR2/KDR copy number gain (P=0.004). There is no correlation between 
VEGFR2/KDR copy number gain with MVD-CD34 or VEGF expression in lung cancer. 
Mutation of VEGFR2/KDR was detected only in lung cancer cell line HCC2279 
(CGT946CAT). No mutation of VEGFR2/KDR was found in primary lung tumors. 3 
Single nucleotide polymorphisms were detected in VEGFR2/KDR exon 7,11 and 21 in 
different frequency in primary lung cancer. 

Conclusion. Our findings indicate that copy number gain of VEGF and VEGFR2/KDR 
are identified at low frequencies in NSCLC, affecting to both major histology types, 
adenocarcinoma and squamous cell carcinoma. A better characterization of the 
clinicopathologic features of the tumors having such genetic abnormalities will help to 
identify their role in lung cancer pathogenesis and progression, and eventually in the 
response to VEGFR targeted therapy. (Supported in part by grants by Grants DoD- 
W81XWH-04-1-0142 and US DoD W81XWH-07-1-0306).) 




